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Transistor  common  base  series  input  inductive  reactance.  . 
Admittance. 

Grounded  cathode  triode  input  admittance  due  to  feedback 
via  Cpg. 

Defined  in  Section  3-25. 

Defined  in  Section  3-25. 

Total  load  impedance  seen  by  amplifier  in  basic  Pierce  circuit. 
Transistor  common -base  current  gain. 

Low  frequency  value  of  a . 

Angular  frequency  in  radians  per  second. 

= 2nfT. 
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INTRODUCTION 


In  sinusoidal  or  semi-sinusoidal  oscillators,  the  criteria  governing 
operations  are: 

(a)  The  loop  power  gain  must  be  equal  to  1. 

(b)  The  loop  phase  shift  must  be  0,  2tt  , 4t t,  etc.,  radians. 

That  is,  the  power  fed  back  to  the  input  of  the  amplifier  which  maintains  the 
oscillation  because  of  its  capability  of  providing  power  gain,  must  be  such  that 
the  amplified  output  power  is  just  sufficient  to  supply  the  oscillator  output  power, 
the  circuit  losses,  and  the  amplifier  input  power.  If  this  equality  did  not  occur 
the  feedback  power  would  be  either  too  large,  causing  the  oscillation  amplitude 
to  grow,  or  too  small,  in  which  case  the  oscillation  would  decrease;  the  condi- 
tions of  oscillation  growth  or  decay  being  maintained  until  the  unity  loop  gain 
condition  is  fulfilled. 

This  behavior  also  defines  a further  circuit  requirement.  Since  at  the 
commencement  of  oscillation  the  oscillation  amplitude  must  grow  from  zero  to 
a finite  value  and  then  stabilize,  the  circuit  must  initially  provide  a loop  gain 
in  excess  of  1 to  allow  this  buildup  to  occur.  This  loop  gain  must  then  decrease 
to  unity  at  the  desired  oscillator  power  output  level,  thereby  stabilizing  the 
oscillation  amplitude.  This  action  is  usually  obtained  by  relying  on  the  non- 
linear characteristics  of  over-driven  amplifiers.  The  power  gain  of  amplifiers 
tends  to  decrease  with  increasing  signal  level,  thereby  providing  the  necessary 
loop  gain  reduction  as  the  oscillation  grows.  Condition  (a)  can  therefore  be  more 
accurately  stated  as: 

(a7)  Under  small  signal  conditions,  the  loop  gain  must  be  greater 
than  unity. 

These  conditions  can  be  defined  in  terms  of  Figure  1. 

All  sinusoidal  electronic  oscillators  can  be  considered  as  consisting  of 
a power  amplifier  and  a network  which  selects  a portion  of  the  amplifier  output 
power  and  returns  it  to  the  amplifier  input. 

Figure  1 (a)  shows  a generalized  oscillator  circuit  of  this  form,  and 
Figure  1 (b)  shows  the  same  circuit  with  the  feedback  connection  broken  at  point 
A.  In  the  latter  circuit  an  additional  load  Z'^,  equal  to  the  input  impedance  of 
the  feedback  network  Zp  when  terminated  by  the  amplifier  input  impedance,  is 


xxxv  ii 


placed  across  the  amplifier  output.  (The  prime  sign  is  used  to  avoid  ambiguity 
in  the  following  discussion.)  The  amplifier  is  therefore  terminated  in  identical 
loads  in  both  (a)  and  (b)  of  Figure  1. 
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Figure  1.  Generalized  Oscillator  Circuit 


Applying  a signal  at  the  input  of  the  feedback  network  in  Figure  1 (b)  will 
result  in  signal  power  being  fed  to  2,'  p.  The  loop  power  gain  is  then  defined  as 
the  ratio  of  the  power  into  Z'F  to  that  applied  at  the  feedback  network  input. 

This  can  also  be  stated  in  terms  of  voltage.  In  this  case,  since  Z ' p and  Zp  are 
identical,  the  loop  power  gain  is  equal  to  (V0/Vg)^.  Similarly,  the  loop  phase 
angle  is  defined  as  the  phase  shift  of  Vc  relative  to  that  of  Vg,  In  order  for 
oscillation  to  build  up  (when  the  input  of  the  feedback  network  is  reconnected  to 
the  amplifier  output),  VQ  should  be  somewhat  greater  in  amplitude  than  Vg, 
assuming  linear  operation,  and  their  phase  angles  must  be  identical.  If  these 
conditions  cannot  be  simultaneously  satisfied  for  some  input  signal  frequency  in 
the  circuit  of  Figure  1 (b),  the  network  is  incapable  of  oscillation. 
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There  is  a possible  exception  to  the  conditions  given  for  an  oscillator, 
which  should  be  mentioned.  Feedback  circuits  can  be  constructed  which  simul- 
taneously have  a loop  gain  greater  than  1 and  zero  loop  phase  angle,  and  which 
do  not  oscillate.  These  circuits  are  then  said  to  be  conditionally  stable.  How- 
ever, circuits  having  these  characteristics  are  far  more  complex  than  those  of 
the  simple  oscillator  circuits  considered  here.  A definite  design  effort  is  re- 
quired to  achieve  these  characteristics,  and  it  is  unlikely  that  conditionally 
stable  operation  will  be  achieved  accidentally  in  an  oscillator  circuit.  The  con- 
dition as  stated  in  (a')  is  therefore  adequate. 

The  frequency  at  which  oscillation  occurs  is  entirely  dependent  on  the 
zero  loop  phase  angle  condition,  and  the  stability  of  the  frequency  of  oscillation 
is  related  to  the  stability  of  the  individual  phase  shifts  in  the  oscillator  compo- 
nent networks.  Any  net  phase  change  within  the  oscillator  loop  due  to  ambient 
condition  changes,  component  aging,  oscillator  power  source  variations,  etc. , 
will  result  in  an  oscillator  frequency  change  which  will  depend  on  the  rate  of 
change  of  the  loop  phase  angle  with  frequency  and  the  extent  of  the  phase  change. 
When,  as  is  normally  the  case,  an  oscillator  output  frequency  essentially  inde- 
pendent of  external  variables  is  required,  there  are  two  possible  approaches: 

(a)  To  compensate  the  various  networks  of  the  oscillator  to  either 
produce  mutual  cancellation  of  phase  changes  due  to  external 
disturbances  or,  alternatively,  to  make  each  network  phase 
insensitive  to  external  disturbances. 

(b)  To  include  a network  in  the  oscillator  circuit  which  has  a high 
rate  of  change  of  phase  angle  with  frequency  and  is  itself  rela- 
tively insensitive  to  external  disturbance  and  which  can,  there- 
fore, cancel  the  net  phase  change  of  the  other  oscillator  networks 
with  only  a small  change  in  oscillator  frequency. 

The  first  method  (a)  is  idealistic  if  a wide  operating  temperature  range 
is  contemplated,  and  the  second  (b)  is  a more  practical  approach,  particularly 
if  combined  with  the  concept  expressed  in  (a)  of  minimizing  the  net  phase  change 
of  the  remainder  of  the  oscillator  circuit. 

A familiar  network  which  can  have  a high  rate  of  change  of  phase  angle 
with  frequency  and  one  that  has  been  used  from  the  inception  of  electronics  for 
frequency  control  is  the  LC  tuned  circuit.  Another  component  having  analogous 
but  superior  characteristics,  both  in  respect  to  rate  of  change  of  phase  angle 
with  frequency  and  phase  angle  insensitivity  to  external  disturbance,  is  the 
quartz  crystal  resonator.  It  is  therefore  ideally  suited  to  act  as  the  frequency 
controlling  element  in  stable  frequency  oscillators  and  as  such  finds  wide  appli- 
cation. However,  its  good  characteristics  can  easily  be  degraded  if  care  is  not 
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taken  in. its  use,  since,  like  all  devices,  its  good  characteristics  can  only  be 
applied  advantageously  under  certain  conditions  of  operation. 

It  is  the  purpose  of  this  handbook  to  define  these  conditions  of  usage  so 
that  misapplication  will  be  avoided  and  to  detail  acceptable  oscillator  design 
methods  which  will  ensure  this.  The  design  methods  developed  are  all  based 
on  the  loop  gain  and  phase  concept  used  in  the  preceding  discussion.  Practical 
oscillator  design  examples  are  included  together  with  evaluation  data  obtained 
from  the  oscillators  constructed  from  these  designs. 

The  emphasis  has  been  placed  on  medium  stability,  wide  temperature 
range  oscillators  having  a frequency  stability  approaching  that  of  the  crystal 
unit,  since  these  are  the  most  widely  used.  However,  the  design  approach  for 
temperature-controlled  crystal  oscillators  frequently  used  when  better  frequency 
stability  is  required  is  essentially  the  same,  and  the  design  concepts  used  in 
this  handbook  are  equally  valid  for  these  circuits. 

However,  the  present  trend  in  military  equipments  is  away  from  the  use 
of  temperature  control  in  all  but  the  most  demanding  requirements.  The  rela- 
tively high  oven  or  temperature  chamber  power  dissipation  and  physical  bulk  are 
not  in  keeping  with  the  emphasis  on  compactness  and  minimal  power  consump- 
tion, and  another  approach  developed  extensively  in  recent  years  is  now  becom- 
ing widely  used.  This  is  the  crystal  oscillator  which  employs  a temperature 
sensing  network  to  partially  correct  for  the  effects  of  temperature  on  the  crys- 
tal unit  resonance  frequency,  thereby  reducing  the  oscillator  frequency  insta- 
bility with  temperature.  Using  this  approach,  long-term  frequency  stabilities 
which  hold  over  a 100°C  temperature  range  of  3 x 10-7  have  been  attained,  and 
the  indications  are  that  1 x 10-7  or  better  is  feasible.  Here  again,  the  hand- 
book contents  should  prove  useful  insofar  as  the  basic  oscillator  design  is  con- 
cerned. However,  the  crystal  unit  compensation  techniques  are  the  major  part 
of  this  type  of  oscillator  design,  and  the  referenced  sources  should  be  consulted 
for  details. 

The  criteria  used  in  selecting  the  oscillator  circuits  for  discussion  have 
been  primarily  those  of  circuit  simplicity  and  cost  minimization.  This  in  gen- 
eral has  dictated  the  selection  of  circuits  using  only  one  tube  or  transistor 
wherever  possible.  This  approach  also  has  another  desirable  facet  in  that,  in 
general,  a more  constant  loop  gain  is  obtained  using  only  one  active  device 
under  conditions  of  environmental  stress  and  with  active  device  interchange. 

This  in  turn  tends  to  improve  both  oscillator  frequency  and  amplitude  stabilities. 

Design  Handbook  Contents 

The  handbook  is  divided  into  ten  sections.  Section  1 presents  a dis- 
cussion of  the  electrical  behavior  of  crystal  units,  methods  of  measurement, 
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and  desirable  methods  of  electrically  terminating  the  crystal  unit  in  order  to 
optimize  its  oscillator  frequency  stabilizing  properties.  Section  2 considers 
the  implications  of  the  crystal  unit  terminating  conditions  determined  in  Section 
1 on  the  remainder  of  the  oscillator  circuit.  From  these  considerations  it  is 
then  possible  to  construct  a generalized  block  diagram  of  the  oscillator  loop  and 
to  define  the  loop  gain  in  terms  of  the  characteristics  of  the  individual  blocks. 
This  process  in  turn  defines  the  important  characteristics  of  the  individual 
oscillator  blocks  and, in  particular,  those  of  the  amplifier  and  the  impedance 
transforming  networks.  Section  3 describes  the  behavior  of  transistor  and 
vacuum  tube  amplifiers  in  the  frequency  range  of  1 KC  to  200  MC  and,  where 
possible,  presents  design  equations  for  amplifier  gain,  input  impedance,  and 
output  impedance.  Where  this  is  not  possible,  experimental  background  infor- 
mation showing  the  influence  of  bias  levels,  etc. , is  given,  together  with  a 
description  of  test  methods  that  can  be  employed  to  measure  the  amplifier 
characteristics. 

Section  4 presents  analyses  of  several  types  of  impedance  transforming 
networks  that  are  useful  in  oscillator  design,  together  with  design  equations 
developed  from  the  analyses. 

Section  5 presents  general  information  concerning  the  mating  of  the 
various  oscillator  component  parts,  oscillator  frequency  tolerance,  frequency 
dependence  of  components,  circuit  layout,  specification  of  oscillator  require- 
ments, the  design  process  involved  in  arriving  at  an  oscillator  design,  etc. 

Sections  6,  7,  8,  and  9 are  the  oscillator  design  sections  where  the  rela- 
tive characteristics  of  the  amplifier  and  crystal  unit  are  compared  and  a suit- 
able design  approach  formulated.  Sections  6 and  7 deal  with  tube  and  transis- 
tor series  type  oscillators,  respectively,  and  Sections  8 and  9 with  transistor 
and  tube  anti- resonance  oscillators,  respectively.  These  sections  are  further 
sub-divided  for  specific  frequency  ranges.  Specimen  oscillator  design  calcula- 
tions are  presented  to  illustrate  the  design  procedures  advocated,  and  in  the 
majority  of  cases,  experimental  evaluation  data  are  given  for  oscillators  con- 
structed from  these  designs.  These  evaluation  results  indicate  the  effect  of 
ambient  temperature,  power  supply,  and  oscillator  load  changes  on  the  oscilla- 
tor performance,  and  in  many  cases  the  effects  of  crystal  unit  and  amplifying 
device  changes  are  also  given. 

Section  10  contains  a bibliography  of  reference  sources. 

As  for  utilization  of  this  handbook,  Sections  1,  3,  and  4 should  be  used 
for  reference  purposes.  The  user  should  first  refer  to  Sections  2 and  5 if  un- 
acquainted with  the  design  approach  used,  and  then  turn  to  the  applicable  Section 
for  the  frequency  range  concerned.  References  contained  therein  will  then  show 
which  parts  of  Sections  1,  3,  and  4 are  pertinent  to  the  design. 
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SECTION  1 

QUARTZ  CRYSTAL  CHARACTERISTICS 


1-1.  GENERAL 

A quartz  crystal  resonator  is  an  electromechanical  transducer  having 
piezoelectric  properties.  The  application  of  an  electrical  potential  to  the  quartz 
crystal  produces  a mechanical  stress  within  the  crystal  structure  similar  to 
that  obtained  by  the  application  of  mechanical  force.  Conversely,  the  applica- 
tion of  mechanical  force  to  the  crystal  creates  a potential  difference  across  the 
crystal  structure.  Therefore,  by  suitably  connecting  two  or  more  electrodes  to 
a quartz  crystal,  it  can  be  made  to  vibrate  by  applying  an  alternating  voltage  to 
these  electrodes . 

If  the  output  of  the  alternating  voltage  source  is  held  constant  and  the 
frequency  continuously  varied,  certain  frequencies  will  be  found  at  which  the 
amplitude  of  the  mechanical  vibration  becomes  a maximum.  These  are  the  fre- 
quencies at  which  the  quartz  crystal  goes  into  mechanical  resonance.  Because 
of  the  electromechanical  coupling  in  the  crystal,  this  mechanical  motion  of  the 
crystal  is  reflected  to  the  input  terminals.  And  at  frequencies  in  the  immediate 
vicinity  of  the  mechanical  resonant  frequencies,  the  electrical  impedance  pres- 
ented at  the  input  terminals  exhibits,  characteristics  similar  to  those  of  an  elec- 
trical tuned  circuit.  Viewed  as  an  electrical  network,  the  important  properties 
of  the  quartz  crystal  are: 

(a)  The  high  effective  Q;  that  is,  the  high  ratio  of  energy  stored 
in  the  crystal  relative  to  the  energy  dissipated  in  storing  that 
energy. 

(b)  The  excellent  stability  of  the  electrical  parameters  of  the 
quartz  crystal  when  subjected  to  environmental  changes. 

(c)  The  wide  range  of  frequencies  over  which  quartz  crystals 
can  be  made  to  resonate. 

These  three  properties  account  for  their  wide  use  in  stable  oscillator 
designs. 

The  simple  equivalent  electrical  circuit  of  a quartz  crystal  resonator  at 
frequencies  close  to  that  of  the  mechanical  resonance  is  shown  in  Figure  1-1. 

Lj  and  C-^  are  primarily  dependent  on  the  mass  and  compliance  of  the  quartz. 

R^  which  represents  the  losses  of  the  circuit  is,  in  the  common  type  of  crystal 
unit  discussed  here,  mainly  attributable  to  damping  resulting  from  the  elec- 
trodes, the  crystal  mounting  structure,  and  the  internal  friction. 
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Figure  1-1.  Equivalent  Electrical  Circuit  of  a Crystal 


These  are  the  motional  impedance  elements  of  the  crystal,  so  called 
because  they  are  the  effective  electrical  equivalents  of  the  vibratory  motion  of 
the  crystal.  CQ  is  an  actual  electrical  capacitance  due  to  the  electrodes  on  the 
quartz  and  to  the  stray  capacitance  in  the  mechanical  assembly.  Typical  values 
of  the  parameters  for  200-KC,  2-MC,  and  30-MC  crystals  are  shown  in  Table 
1-1. 


TABLE  1-1.  TYPICAL  CRYSTAL  PARAMETER  VALUES 


Parameters 

200  KC 

2 MC 

30  MC 

*1 

2 K 

100  ohms 

20  ohms 

27  H 

520  MH 

11  MH 

C1 

0.024  PF 

0.012  PF 

0.0026  PF 

Co 

9 PF 

4 PF 

6 PF 

Q 

18  x 103 

54  x 103 

105 

At  very  high  frequencies,  the  parasitic  reactive  elements  of  the  mechan- 
ical mount  start  to  influence  the  overall  characteristics  of  the  device.  The  input 
lead  inductance  then  has  a noticeable  effect,  and  the  shunt  capacitance  CQ  can  no 
longer  be  regarded  as  a lumped  element.  However,  from  the  oscillator  design 
viewpoint,  these  effects  while  noticeable,  do  not  invalidate  the  simple  equivalent 
circuit  of  Figure  1-1  and  are  only  mentioned  to  show  that  these  effects  occur. 
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This  equivalent  circuit  is  only  representative  of  the  electrical  charac- 
teristics of  a crystal  over  a limited  frequency  range.  Every  mechanical  struc- 
ture has  several  modes  of  resonance.  A simple  bar,  for  example,  has  flexural, 
torsional,  shear,  and  extensional  modes  of  oscillation  in  each  of  three  axes. 
Furthermore,  mechanical  resonance  can  be  excited  at  the  overtones  of  each  of 
these  basic  modes.  The  manufacturer  shapes,  proportions,  and  clamps  the 
crystal  so  as  to  make  one  of  these  mechanical  resonances  predominant,  while 
suppressing  all  others  that  may  occur  at  frequencies  immediately  adjacent  to 
this  desired  one.  If,  as  is  normally  the  case,  sufficient  suppression  of  the 
undesired  resonances  is  achieved,  the  circuit  of  Figure  1-1  is  a valid  electrical 
equivalent  of  the  electromechanical  characteristics  of  the  crystal  in  the  fre- 
quency band  immediately  around  the  predominant  mechanical  resonance  frequency 
and,  with  a change  of  component  values,  at  overtone  frequencies. 

With  this  restriction,  the  behavior  of  the  quartz  crystal  can  be  discussed 
in  terms  of  the  electrical  equivalent  circuit  of  Figure  1-1  (a),  where  L^,  C^, 

Rj,  and  CG  are  essentially  independent  of  frequency.  This  circuit  can  be  con- 
sidered as  a series  combination  of  an  equivalent  resistance  Re  and  reactance  Xe, 
as  shown  in  Figure  1-1  (b).  The  values  of  Re  and  Xe  are  frequency  dependent 
and  vary  in  the  general  manner  indicated  in  Figure  1-2  as  functions  of  frequency. 
The  various  symbols  are  defined  in  Table  1-2, 
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Figure  1-2.  Impedance  |Z|  , Resistance  Re,  Reactance  X , and  Series 
Arm  Reactance  of  a Crystal  as  a Function  of  Frequency 


TABLE  1-2,  DEFINITIONS  OF  SYMBOLS  IN  FIGURE  1-2 


Capacitance  ratio  - 


Definition 


C_ 


Frequency  of  minimum  impedance 
Motional  arm  resonance  frequency  = 


Resonance  frequency  (Xg  = 0) 

Antiresonance  frequency  (Xg  = 0) 

Parallel  resonance  frequency  = — — - — (1 

2tt  L^  C1 

Frequency  of  maximum  impedance 

/ 

Resonance  resistance  (Xg  = ti) 

Antiresonance  resistance  (Xg  = 0) 

Impedance  at  fm  (minimum  crystal  impedance) 
Impedance  at  fn  (maximum  crystal  impedance) 


Figure  1-1  should  only  be  regarded  as  of  a qualitative  nature.  |Zn| 
and  Ra  are  in  practice  many  orders  of  magnitude  larger  than  |Zm]  and  R^.,  and 
the  frequency  spacing  of  f relative  to  f is  a thousand  or  more  times  the  spac- 
ings  of  fm  and  fr  to  fg,  and  fa  and  fn  to  fp. 


Figure  1-2  and  Table  1-2  are  reproduced  from  the  I.R.E.  Standards  on 
Piezoelectric  Crystals  "The  Piezoelectric  Vibrator:  Definitions  and  Methods 
of  Measurement,  1957"  (I.R.E.  Proc.,  March  1957). 


Interpreting  the  points  of  interest  on  the  curves  of  Figure  1-2  from  left 
to  right,  fg  is  the  frequency  at  which  the  motional  arm  is  series  resonant.  At 
this  frequency  the  crystal  appears  at  its  terminals  as  a combination  of  R^  in 
parallel  with  CG.  Over  almost  the  entire  frequency  range  Xq  the  reactance  of 
CG  is  much  greater  than  Rj,  and  consequently  the  crystal  unit  phase  angle  at  fg 
is  small.  Only  at  the  very  highest  frequencies  (above  100  MC)  does  the  phase 
angle  become  appreciable.  At  a slightly  higher  frequency  fr,  the  motional  arm 
reactance  X^  is  inductive  but  small  compared  to  Rj  and  of  such  a value  that  its 
equivalent  inductance  when  transformed  to  a parallel  element  (see  Table  1-3  (b)) 
resonates  with  CQ.  The  formulae  illustrating  this  effect  are: 
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TABLE  1-3.  TABLE  OF  IMPEDANCE  TRANSFORMATIONS 


Xp  - X!  Xc 


Rr  = % (1  + Q ) 


Qr  — st  frequency  f 

Ri 
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Equation  (1-1)  shows  that  when  Qr  is  much  smaller  than  1,  the  equivalent 
parallel  inductive  reactance  of  the  motional  arm  is  much  larger  than  and 
can,  for  a suitable  value  of  Q„,  resonate  with  Xr  . Equation  (1-2)  shows  that 

I '-'o 

the  equivalent  resistance  of  the  crystal  at  resonance  differs  from  R^  by  the 
factor  (1  + Qr2).  However,  since  Qr  is  much  smaller  than  1,  the  difference  is 
small  and  Rj,  is  usually  only  slightly  greater  than  R^. 


As  the  frequency  is  further  increased,  the  crystal  impedance  increases 
rapidly  until  at  frequency  fa,  Xg  again  falls  to  zero  and  Re  has  the  value  R&.  At 
this  frequency  the  equivalent  motional  arm  inductance  X.^  again  resonates  with 
C0,  and  Equations  (1-1)  and  (1-2)  can  be  restated  as: 


where 


xp  ■ xi<1  + tV  * xce 
Ra  - Rx  (1  + Qa2) 

X1 

Qa  - — at  frequency  f 


(1-4) 


(1-5) 

(1-6) 


At  f however,  Qa  » 1 (see  behavior  of  X-^  characteristic)  and,  therefore, 

(1-7) 

(1-8) 

Other  frequencies  of  less  interest  are  f and  f , the  frequencies  at  which  the 
crystal  exhibits  its  minimum  and  maximum  impedances,  respectively,  and  f 
the  frequency  at  which  the  motional  arm  reactance  is  equal  to  that  of  CQ.  It 
should  be  noted  that  f does  not  quite  coincide  with  the  antiresonance  frequency 
fa  because  of  the  presence  of  R-^  in  the  motional  arm.  The  difference  is,  how- 
ever, at  the  most  only  a few  parts  in  a million. 


An  indication  of  the  bandwidth  in  which  these  effects  occur  may  be  ob- 
tained by  noting  that,  for  most  crystals,  the  capacitance  ratio  r lies  between 
200  and  500.  Substituting  a typical  value  of  r = 300  into  the  equation  given  in 

Table  1-2  for  f the  ratio  of  f to  f obtained  is: 

P’  p s 


1.0017 


(1-9) 
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For  example,  if  f = 1 MC,  then  the  bandwidth  within  which  the  crystal  resonance 
effects  occur  will  be  typically  less  than  2 KC. 

The  spacing  between  fs  and  fr  is  very  small;  frequency  differences  of  1 
or  2 parts  per  million  are  typical.  The  frequency  difference  between  fg  and  fm 
is  equal  to  that  between  fc  and  f„. 

b x 


The  electrical  impedance  of  a crystal  unit  can  also  be  presented  as  an 
impedance  plane  loci  as  shown  in  Figure  1-3,  provided  that: 


I 

2tt  (fn  - fm)  CQ 


» R, 


(1-10) 


Figure  1-3.  Impedance  Diagram  of  a Crystal 


This  presentation  is  useful  in  that  it  gives  a qualitative  indication  of  the  behavior 
of  the  phase  angle  of  the  crystal  unit  and  notably  of  the  high  rate  of  change  of 
phase  angle  exhibited  in  the  frequency  band  between  fm  and  fn.  In  this  presenta- 
tion the  scaling  is  again  misleading.  In  practice,  the  center  of  the  circular  loci 
would  be  located  much  closer  to  the  resistance  axis,  greatly  increasing  the  ratio 
of  Ra  to  Rr. 

Virtually  all  crystal  oscillators  are  designed  to  employ  a crystal  unit 
operating  in  the  region  between  fs  and  fa,  and  the  foregoing  is  a useful  quanti- 
tative interpretation  of  the  behavior  of  a crystal  resonator  in  this  frequency 
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range.  However,  a more  detailed  analysis  is  required  to  more  clearly  define 
the  desirable  operating  conditions  and  to  determine  the  limits  within  which  oper- 
ation should  be  maintained.  This  is  the  purpose  of  the  following  analysis  which 
determines  the  detailed  behavior  of  a crystal  unit: 

(a)  Alone 

(b)  In  association  with  a parallel  capacitance 

(c)  In  conjunction  with  a series  capacitance 


1-2.  CRYSTAL  BEHAVIOR  IN  FREQUENCY  RANGE  BETWEEN  f_  AND  f 

® p 

Figure  1-4  shows  the  circuit  to  be  analyzed.  The  analysis  is  greatly 
simplified  if  the  motional  arm  elements  C^  and  are  first  replaced  by  their 
effective  total  reactance  valid  in  the  frequency  range  between  fg  and  fp,  the  fre- 
quencies of  crystal  series  and  parallel  resonance,  respectively.  As  previously 
pointed  out,  this  frequency  increment  (fp  - fs)  is  of  the  order  of  0.2  percent  of 
fs;  that  is: 

f - f 

» 0.002  (1-11) 


The  reactance  of  C^  is: 


Therefore: 

d(XCl) 

doc 


(1-12) 


(1-13) 


Since  the  frequency  band  of  interest  is  between  fg  and  f , a'  can  be  re- 
placed in  Equation  (1-13)  by: 


05  - 0'g  + £u5 


(1-14) 


where: 


Ao:  ^ COp  “ 05 g 
« 05  o 


(1-15) 


Therefore,  Equation  (1-13)  becomes: 


d(Xc  ) 

°1  = 1 

d05  (0!s+^OJ)2Ci 


(1-16) 


The  typical  maximum  value  of  is  given  by  Equation  (1-11)  as  0.002. 


co 


Since  this  is  small  relative  to  1,  a valid  approximation,  neglecting  second 
order  differences,  is: 


d(xCl) 


du> 


05 


4-  (i  - 

!2°1  \ "s  / 


(1-17) 


The  term  is  still  small  in  comparison  to  1 and  therefore: 

05s 


d(XCi> 


do) 


ws2cl 


(1-18) 


At  the  frequency  fc,  and  Cj  are  in  series  resonance  and  therefore: 


on 


LfCi 


(1-19) 


Substituting  Equation  (1-19)  into  Equation  (1-18)  gives: 


d(XCl) 

do) 


= - L, 


(1-20) 
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(1-21) 


The  reactance  of  is: 


X 


Therefore; 

dCXLl) 

dto 


(1-22) 


The  two  reactances  and  XCl,  therefore,  have  the  same  differential 


with  respect  to  frequency  but  are  of  opposite  sign, 
combination  of  the  two  is,  therefore: 


The  differential  of  the  series 


d(XL  - xc  ) 

1^1 


do: 


2 L. 


(1-23) 


and  the  incremental  change  of  reactance  is: 

d(Xg)  = 2 L^do)  = 4 77  df  (1-24) 

where: 

Xs  = XL2  - ^ (i"25) 

The  value  of  Xg  at  frequency  fg  is  zero  and,  consequently,  for  fre- 
quencies between  fg  and  fp: 

Xg  - 47TL1Af  (1-26) 


where  Af  is  the  incremental  frequency  change  from  fg. 

As  derived,  Equation  (1-26)  is  only  valid  for  frequencies  between  fg  and 
fp,  but  is  equally  valid  over  a similar  range  of  frequencies  immediately  below  fg. 


Using  the  value  of  Xg  obtained  from  Equation  (1-26),  the  equation  for  the 
crystal  impedance  is: 


-j  XCq  (Rj  + j 477  Af) 
Rj  + ] (4  77  A f - Xq  ) 


(1-27) 


Defining  Qs  as: 


Q 


s 


4 77  Lj  Af 


(1-28) 
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Equation  (1-27)  can  be  restated  as: 


Z = 


-jXCo  (1  + 3QS) 


1 + j Q 


(-ft) 


d-29) 


Separating  this,  equation  into  real  and  imaginary  parts  gives: 


z = 


R. 


[■-ft  ft] 


R_ 


ft-) 


1 + 


ft  ft] 


X, 


(1-30) 


Equating  the  imaginary  term  to  zero  gives  the  value  of  Qg  required  to 
make  the  crystal  impedance  resistive: 


X, 


Q*  = 


2R, 


/ XC  x2  f* 

( w - 'J 


(I  = 0) 
' m ’ 


Equation  (1-31)  has  two  real  values,  provided  that: 
X 


2H 


(1-31) 


(1-32) 


The  smaller  value  corresponds  to  the  value  of  Qg  required  for  crystal 
resonance  and  the  other  to  crystal  anti-resonance.  Equation  (1-31)  also  shows 
that  if: 

X„ 


2 R, 


= 1 


(1-33) 
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only  one  value  of  Qg  satisfies  the  requirements  that  make  Z resistive, 
values  of 


< 1, 


For 


the  crystal  always  has  a reactive  component  and  resonance  does  not  occur. 


Equation  (1-32)  establishes  a limiting  condition  of  operation  for  the  crys- 
tal alone  if  it  is  to  exhibit  a resonance  characteristic.  (In  the  literature  the 
ratio  Xr  /R,  is  frequently  referred  to  as  the  Figure  of  Merit  M.  A crystal  unit 

with  M = 2,  is  therefore  only  just  capable  of  achieving  resonance.) 


This  is  not,  however,  the  only  requirement  that  has  to  be  satisfied.  The 
main  concern  is  with  the  rate  of  change  of  phase  angle  with  frequency  capability 
of  the  crystal,  and  this  further  limits  the  permissible  minimum  value  of  Xq  /R^ 
This  can  be  determined  in  the  following  way: 


The  phase  angle  of  the  crystal  is: 


Expanding  and  simplifying  Equation  (1-34)  gives: 


(1-34) 


tan  0 = Qs  - (1+  Qs  ) 

C„  \ / 


(1-35) 


Differentiating  Equation  (1-35)  with  respect  to  Q„  gives: 
2 R, 


d (tan  0)  = ! _ 1^1  . q 


d Q 


X, 


(1-36) 


Qg  is  directly  proportional  to  incremental  frequency  and  therefore  the 
rate  of  change  of  0 with  respect  to  Qg  is  a direct  measure  of  the  rate  of  change 
of  0 with  respect  to  frequency.  That  is: 

d0  _ d0  d(3s  _ L1  d0 

df  ■ dQs  • W - -TT  ‘ SQs 

-QL-  is  related  to  d (tan  <p ) by  the  equation: 
dQs  dQs 
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d0 

dQs 


(1-38) 


Substituting  from  Equation  (1-36)  into  Equation  (1-38)  gives: 

_d±  = (l  - ih.  . Q 

dQs  V XCq 

The  behavior  of  d0/dQs  can  be  determined  for  various  Xq  /R^  ratios  by 
substituting  values  of  Qs  into  Equations  (1-34)  and  (1-39).  These  calculations 
result  in  the, curves  of  Figure  1-5  which  shows: 

(a)  The  characteristics  of  d0/dQs  are  symmetrical  about  that  value  of 
Qs  giving  d0/dQs  equal  to  zero. 

(b)  The  maximum  values  of  d0/dQs  approach  limiting  values  of  ±1  as 
Xq^/Rj  increases. 

(c)  The  maximum  values  of  d0/dQs  commence  to  decrease  rapidly  for 
Xq^/Rj^  values  less  than  3. 

(d)  The  maximum  value  of  d0/dQs  always  occurs  when  the  crystal  unit 
appears  capacitive. 

(e)  The  crystal  unit  phase  angle  at  which  d0/dQ_  is  a maximum  also 
increases  rapidly  with  decreasing  X^/Rj,  becoming  increasingly 
capacitive  for  Xq^/R-^  values  less  than  3. 

(f)  d0/dQg  at  zero  phase  angle  is  always  smaller  than  the  maximum 
value  of  d0/dQs.  As  shown  by  the  loci  of  d0/dQs  (0  = 0),  the 
difference  is  negligible  for  Xq^/R^  ratios  greater  than  4,  but  is 
substantial  for  lower  values  of  Xr  /R, . 

'-'O  1 

In  the  light  of  this  behavior,  it  can  be  concluded  that  for  Xqq/R^  values 
of  4 or  greater,  the  maximum  value  of  d0/dQg  occurs  in  the  immediate  vicinity 
of  zero  phase  angle;  that  is,  near  to  crystal  resonance  frequency  fr  or  anti- 
resonance frequency  fa.  For  Xqq/R^  values  less  than  3 or  4,  the  d0/dQs  at  fr 
and  f decreases  significantly  below  the  maximum  attainable,  which  can  then 
only  be  obtained  by  operating  at  a frequency  below  fr  or  above  fa  which  gives  the 
required  phase  angle.  However,  standardization  of  crystal  measuring  methods 
and  crystal  unit  frequency  specification  plus  the  difficulty  of  introducing  a stable 
complementary  phase  angle  in  the  oscillator  feedback  loop  tend  to  rule  against 
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this  type  of  operation,  and  operation  with  Xq^/R^  values  of  less  than  3 is  not 
normally  used.  When  this  condition  occurs  naturally,  as  it  may  in  crystals 
designed  for  operation  at  frequencies  above  100  MC,  it  is  normal  practice  to 
place  an  inductor  across  the  crystal  unit  to  resonate  with  CQ,  thereby  effectively 
increasing  the  apparent  value  of  Xq,/Rj.  At  all  frequencies  below  100  MC, 
Xco/Ri  has  a value  greater  than  3,  and  operation  at  zero  phase  angle  has  negli- 
gible adverse  effects  on  the  crystal  unit  phase-changing  capabilities.  Figure 
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1-6  shows  the  behavior  of  d0/dQs  for  zero  phase  angle  operation  as  a function 

of  Xr  /R,  and  illustrates  the  rapid  deterioration  of  d0/dQs  for  values  of 
1 

Xc  /Rj  less  than  4. 


TPI072-I2  R, 

Figure  1-6.  d0/dQg  at  0 = 0 As  a Function  of  X^/I^ 


The  graph  of  Figure  1-7  is  derived  from  Equations  (1-35)  and  (1-36)  and 
shows  the  variation  of  0 as  a function  of  Qg  using  Xc^/R}  as  a parameter.  Since 
Qs  is  proportional  to  the  incremental  frequency  Af,  these  curves  are  indicative 
of  the  phase  angle  of  the  crystal  between  fr  and  fa.  No  particular  significance 
is  attached  to  these  curves  except  that  they  crudely  show  the  increasing  rate  of 
change  of  0 at  0 = 0 with  increasing  values  of  XCq/R1  and  the  general  behavior 

of  the  crystal  unit  phase  angle  between  fr  and  fp. 

1-3.  RELATIONSHIP  OF  R1  TO  Rr 


The  crystal  parameters  that  are  readily  measured  are  Rr,  the  reso- 
nance resistance,  and  0o.  Before  the  preceding  formulae  can  be  applied  to  a 
doubtful  case,  it  is  therefore  necessary  to  determine  Rj  from  Rr.  Referring 
to  Figure  1-8  (a),  at  resonance  the  crystal  unit  can  be  considered  as  Xqo,  Rr, 
and  XL-p  in  parallel,  where: 


X 


(1-40) 
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{ 0 I (61 


Figure  1-N.  Relationship  Between  Kr  and  l!|  - 


Referring  to  Figure  1-S  (b),  since  K(1  is  the  effective!  |>:i i’:i  1 lo l resistance,, 
of  the  network  at  fr  due  to  Rj , the  Q of  It,,  unci  Xj  in  parallel  is  ihirsairrO-.M 
that  of  Xc  anti  Rj  in  scries.  Therefore; 


(1-41) 


Reference  to  the  table  of  parallel-to-serics  transformations  (Table  1-1) 
then  gives: 


Figure  1-9  (a)  shows  a normalized  graph  of  Equation  (1-42)  as  a function 
of  Qs  and  shows  the  rapid  increase  in  Itj.  relative  to  lt^  as  and  Rr  approach 
equality. 


The  relationship  between  the  measured  quantities  Rf  and  X^  anti 
Xc  /Rj  is:  0 


(1-44) 


Inserting  values  of  R_/Xr  into  Equation  (1-42)  gives  the  resulting  plot 
of  Figure  1-0  (b).  Comparing  this  graph  with  that  of  Figure  1 -G  shows  that 
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operation  below  Rp/X^  ratios  of  at  least  0.35  and  preferably  0.25  is  desirable 

if  the  phase  shifting  capability  of  the  crystal  unit  is  to  be  fully  utilized.  In  all 
military  type  crystal  units,  except  those  designed  for  operation  above  100  MC, 
R^X,-,  's  of  0.35  or  less  are  guaranteed  by  their  specification.  The  danger 

'"'O 

lies  in  external  oscillator  capacitance  causing  the  crystal  circuit  to  operate 
in  this  undesired  region. 

1-4.  CRYSTAL  UNIT  OPERATION  WITH  A PARALLEL  CAPACITANCE 

The  preceding  discussion  shows  that  the  crystal  unit  exhibits  a high  rate 
of  change  of  phase  angle  in  the  neighborhood  of  its  resonance  and  anti-resonance 
frequencies.  Operation  of  a crystal  unit  at  resonance  in  an  oscillator  circuit  is 
readily  achieved  over  the  entire  frequency  range  of  1 KC  to  200  MC. 

Operation  at  anti- resonance  is  not,  however,  very  practical.  In  the 
first  place  the  crystal  unit  impedance  is  very  high  at  the  anti-resonance  fre- 
quency, and  difficulty  would  be  experienced  in  obtaining  suitable  matching  into 
the  oscillator  circuit.  Also,  in  the  majority  of  crystal  unit  types,  CD  has  values 
in  the  range  of  5 to  10  PF,  and  oscillator  circuit  stray  capacitance  across  the 
crystal  unit  terminals  could  easily  introduce  an  appreciable  effective  increase 
in  C0,  And  since  the  anti-resonance  frequency  is  directly  related  to  CQ,  a de- 
crease in  effective  anti-resonance  frequency  would  result,  causing  the  oscilla- 
tion to  occur  at  a frequency  lower  than  fa.  Stray  circuit  capacitance  can  vary 
markedly  between  circuits  of  the  same  type  and  can  also  vary  due  to  aging  or 
environmental  stress.  Furthermore,  the  effect  of  a given  amount  of  circuit 
strays  on  the  oscillator  frequency  would  vary  markedly  between  crystal  units 
of  the  same  type,  due  to  differences  of  their  parameters. 

All  of  these  factors  would  lead  to  oscillator  frequency  tolerances  much 
greater  than  those  of  the  crystal  unit  alone,  and,  since  the  object  is  to  make  the 
oscillator  frequency  solely  dependent  on  the  crystal  unit,  this  is  therefore  unde- 
sirable. A method  of  reducing  these  undesirable  effects  is  to  manufacture  the 
crystal  unit  so  that  the  equivalent  of  anti-resonance  operation  occurs  at  a speci- 
fied frequency  with  a specified  value  of  external  crystal  "loading"  capacitance. 

In  the  oscillator  circuit  the  major  part  of  the  loading  capacitance  is  then  formed 
by  a variable  capacitor,  and  the  circuit  stray  capacitance  constitutes  the  re- 
maining part.  The  variable  capacitor  is  adjusted  until  oscillation  occurs  at  the 
crystal  unit  frequency. 

Placing  a loading  capacitance  C^  in  parallel  with  the  crystal  unit  is 
equivalent  to  increasing  C0.  Therefore,  if  C0  and  X^  are  replaced  by  C0  + Cl 
and  + Cl)’  resPectively,  in  the  preceding  analysis,  Equations  (1-27)  to 
(1-44)  describe  the  behavior  of  this  circuit.  If  the  value  of  CL  is  sufficiently 
large  to  make  the  effect  of  circuit  stray  capacitance  changes  negligible  and 


sufficiently  small  so  that 


X(Cc  + CL) 


Ri 


does  not  approach  the  limiting  value  of  2, 


the  parallel  combination  of  the  crystal  unit  and  CL  can  be  used  as  an  anti-reso- 
nant circuit  at  the  frequency  f'a,  where  f'  is  the  new  frequency  of  anti-resonance 
with  CL  in  circuit.  This  is  a possible  method  of  usage  in  certain  frequency 
ranges  where  the  conditions  placed  on  Cl  can  be  met.  Crystal  units  are  made 
specifically  for  operation  in  this  or  a very  similar  manner  to  be  discussed  in 
the  next  subsection. 

1-5.  CRYSTAL  UNIT  OPERATION  WITH  A SERIES  LOADING  CAPACITOR 

Another  method  of  operation  uses  a loading  capacitor  in  series  with  the 
crystal  unit.  This  method  also  has  certain  limiting  conditions,  and  the  follow- 
ing analysis  develops  design  criteria  for  this  type  of  crystal  circuit. 

Figure  1-10  shows  the  circuit  to  be  analyzed.  The  impedance  seen  at 
the  input  terminals  is: 


Z = - 


jXc  0(1  + iQs) 

■44) 


+ ^XCl 


(1-45) 


*S 

*1 


Figure  1-10.  Crystal  With  Series  Loading  Capacitor 
After  some  manipulation,  Equation  (1-45)  can  be  written  in  the  form: 


Z = 


Ri 


1 + 


X, 


XP2 


44  r 

•44 


Qc 


(XC  + XP  ) 
°L  Co 


(1-46) 
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The  network  is  resistive  when  the  imaginary  term  of  Equation  (1-46)  is 
zero.  Equating  the  imaginary  term  to  zero  and  solving  for  Qs  gives: 


& 

The  condition  for  Equation  (1-47)  to  have  two  real  roots  is  that: 


(1-47) 


(1-48) 


When  two  real  roots  occur' the  smaller  value  of  Qs  obtained  from  Equation 
(1-47)  is  the  value  of  Qs  at  which  the  circuit  exhibits  resonance  characteristics, 
and  the  larger  value  of  Qs  corresponds  to  that  required  in  order  that  the  circuit 
appears  anti -resonant. 

Equation  (1-48)  establishes  the  minimum  conditions  necessary  for  the 
network  to  exhibit  resonance  characteristics . This  is  not,  however,  the  only 
requirement  of  the  network.  The  network  should  not  only  exhibit  resonance  and 
anti -resonance  characteristics,  but  should  also  have  a large  rate  of  change  of 
phase  angle  with  frequency.  This  requirement  adds  further  limitations  to  the 

values  of  and  that  can  be  effectively  employed. 

R1  xc0 


The  phase  angle  of  the  network  is: 


-1 1 

XC0 

RlXCL 

/xcQ  \2 

0 = tan  j 

Hi 

- Qs  - X2 
Co 

1+(  % - V 

L 


This  equation  can  be  rearranged  in  the  form: 


tan  0 


Qs 


^1  + 2 


(1-49) 


(1-50) 
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The  rate  of  change  of  tan  0 as  a function  of  Qs  is: 


*CL 

= 1+2  - 2 Qj 

XC0 


Ri  / 

!‘  xcQ  V 


(1-51) 


Equation  (1-51)  is  zero  when: 


1 + 2 


Qs 


' 2Bx 


XCp  J 

XCl> 


(1-52) 


As  in  the  previous  analysis,  when  the  phase  angle  0 is  less  than  10 
degrees: 

d0  d (tan  0) 

it " d*  ' ( 


(1-53) 


can  now  be  calculated  using  Equations  (1-47)  and  (1-51)  for  various  values 

dQs 

Xc0  XCL 

of and  . The  curves  of  Figure  1-11  are  obtained  from  such  ealcula- 

R1  XC0 


tions  and  show  as  a function  of  XC°,  using  XCl  as  a parameter.  The 
dQs  Rx  Xc 

*CL 

curve  drawn  for  t: = 0 corresponds  to  that  of  Figure  1-6  which  was  derived 

C0 

for  a crystal  unit  alone  without  Cl.  It,  therefore,  serves  as  a reference  to  which 
d0  XCL 

the  values  of  — f-  obtained  for  various  values  of  can  be  compared.  Using 


this  comparison,  it  is  evident  that  for  low  values  of  — -2  the  degradation  can  be 

■**1 

more  severe  in  this  case  than  when  the  crystal  is  used  without  a loading  capacitor. 


The  reduction  in  is  not,  however,  as  severe  in  marginal  cases  when 
dQs 

Cl  is  used  in  series  with  the  crystal  as  would  be  the  case  if  the  same  value  of 
Cl  was  connected  in  parallel  with  the  crystal.  It  is  therefore  possible  to  oper- 

ate  a crystal  with  a given  series  loading  capacitor  for  lower  values  of  — - with- 

R! 

out  suffering  a severe  reduction  in  than  would  be  the  case  using  the  same 

df 
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parameter; 


xc0  Cl 


0 I 2 3 4 5 6 7 8 9 10 

Xr 


Figure  1-11.  d0/dQs  as  a Function  of  Xc0/Ri  and  Xcx/xC0 


loading  capacitor  in  parallel  with  the  crystal.  To  illustrate  this,  Figure  1-11 

XC 

shows  that  is  zero  when  — 2.  -2.8  and  — = 0.4.  If  the  same  value  of 

dQs  Ri  xCo 

of  XCl  is  in  parallel  with  the  crystal,  the  total  parallel  capacitance  is  increased 


(1-55) 


For  parallel  capacitive  loading,  cfe/dQ  = 0 when: 

S 

2 . 


for  Xpt  in  terms  of  Xn  in  Equation  (1-55)  gives: 

^ L ’-'o 

7 ' (1-56) 

showing  that  for  parallel  capacitive  loading,  the  ratio  /R^  will  need  to  be 
greater  than  7 for  resonance  to  occur;  while  for  series  capacitive  loading,  the 
requirement  is  that  Xq  /R-^  be  greater  than  2.8.  The  conclusion  to  be  drawn 
from  this  comparison  is  that  when  the  ratio  X^/R^  is  small,  parallel  capaci- 
tive loading  is  more  likely  to  degrade  the  phase-shifting  capability  of  the  network 
than  would  equal  series -capacitive  loading. 


'L 


R, 


Substituting 

X^ 


R-, 


1-6.  CRYSTAL  UNIT  TYPES 

The  preceding  analyses  show  three  ways  in  which  the  quartz  crystal  unit 
can  exhibit  a high  rate  of  change  of  phase  angle  as  a function  of  frequency.  These 
are: 

(a)  Operation  at  the  resonance  frequency  fr  (fg  at  frequencies  above, 
say,  100  MC)  where  the  crystal  acts  as  a series  resonant  element. 

(b)  Operation  in  association  with  a parallel  capacitance  at  f'  the  anti- 
resonant frequency  of  the  combination,  where  the  crystal  unit  appears 
inductive. 

(c)  Operation  in  association  with  a series  capacitance  at  the  frequency 
where  the  combination  acts  as  a series  resonant  circuit.  This 
frequency  is  almost  equal  to,  and  for  all  practical  purposes,  can 
be  regarded  as  f'a. 

A fourth  method  using  the  crystal  unit  as  a capacitive  element  in  con- 
junction with  an  inductor  is  possible.  However,  it  is  not  used  because  operation 
is  difficult  due  to  the  possibility  of  oscillations  at  other  undesired  frequencies, 
since  the  crystal  unit  appears  capacitive  both  at  frequencies  below  fr  and  above 
fa.  Furthermore,  the  circuit  will  oftqn  oscillate  at  a non-controlled  frequency 
via  C0  when  the  crystal  unit  is  defective. 


Military  crystal  units  are  specified  for  the  frequency  range  of  16  KC  to 
125  MC  at  the  present  time  by  MIL-C-3098C/1  to  61  and  cater  for  the  three  types 
of  operation  detailed  in  (a),  (b),  and  (c)  in  the  applicable  frequency  ranges. 
Operation  at  series  resonance  is  possible  at  all  frequencies,  while  operation 
with  a series  or  parallel  capacitor  is  confined  to  the  16  KC  to  20  MC  and  100  KC 
to  20  MC  ranges,  respectively,  due  to  the  limitations  imposed  by  the  Xq^R-^ 
values.  The  frequency  spacing  between  series  resonance  and  anti-resonance 
with  a loading  capacitor  is  generally  of  the  order  of  several  hundred  parts  per 
million  for  fundamental  crystal  units.  The  oscillator  frequency  tolerance  de- 
sired is  usually  much  less  than  this  and,  therefore,  two  types  of  crystal  units 
are  manufactured.  These  are  designated  as  series  resonance  and  anti- resonance 
crystal  units,  the  latter  type  sometimes  being  referred  to  as  a parallel  crystal 
unit.  Series  crystal  units  are  designed  for  operation  at  fr  and  anti-resonant 
crystal  units  for  operation  with  either  a series  - or  parallel-loading  capacitor 
of  a specified  value  at  the  frequency  at  which  the  combination  appears  resonant 
or  anti-resonant.  The  nominal  frequency  at  which  this  occurs  is  stamped  on 
the  crystal  holder  together  with  the  crystal  unit  type  in  order  to  provide  positive 
identification. 

There  are  more  than  50  individual  crystal  specifications,  each  one  de- 
tailing the  characteristics  and  limits  of  performance  of  a particular  type  of 
crystal  unit  in  a given  frequency  range.  In  some  frequency  ranges  crystal  units 
are  manufactured  having  various  performance  characteristics  and  physical  con- 
figurations, and  consequently  several  crystal  unit  types  may  be  applicable  in  a 
certain  frequency  range.  The  individual  specification  sheets  contain  the  fol- 
lowing data: 

(a)  Type  of  operation 

(b)  Crystal  holder  type 

(c)  Whether  fundamental  or  overtone  mode  of  operation 

(d)  Applicable  frequency  range 

(e)  Overall  frequency  tolerance 

(f)  Load  capacitance  value  where  applicable 

(g)  Rated  or  nominal  crystal  unit  dissipation  rating 

(h)  Maximum  value  of  C0 

(i)  Maximum  value  of  equivalent  resistance 
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(j)  Maximum  frequency  change  under  specified  conditions  of 
shock  and  vibration 

(k)  Maximum  equivalent  resistance  change  under  specified 
conditions  of  shock  and  vibration 

(l)  Maximum  change  of  frequency  due  to  aging  under  specified 
conditions 

v(m)  Test  conditions  for  crystal  unit  measurements  in  the 
appropriate  standard  crystal  unit  test  set 

The  overall  frequency  tolerance,  defining  the  frequency  limits  within 
which  fr  or  f'a  may  vary  over  a given  temperature  range  about  the  nominal  fre- 
quency of  the  crystal  unit,  consists  of  two  parts: 

(a)  That  due  to  the  variation  of  the  crystal  resonant  or  anti-resonant 
frequency  with  temperature 

(b)  The  tolerance  incurred  in  the  manufacture  of  the  crystal  unit 

In  certain  frequency  ranges  crystal  units  of  the  same  construction  are  available 
with  a variety  of  overall  frequency  tolerances.  In  these  cases  the  reduction  in 
tolerance  is  achieved  by  closer  control  of  the  manufacturing  process  in  order 
to  minimize  both  (a)  and  (b). 

Crystal  unit  types,  designed  for  operation  in  an  oven  under  temperature- 
controlled  conditions,  have  three  frequency  tolerances.  These  are: 

(a)  The  tolerance  when  operated  within  a specified  narrow  tempera- 
ture range.  This  is  known  as  the  operating  temperature  range 
frequency  tolerance  and  is  the  crystal  unit  manufacturing  toler- 
ance plus  the  tolerance  allowed, for  the  variation  of  crystal  unit 
frequency  over  the  small  temperature  range. 

(b)  The  tolerance  placed  on  the  allowable  frequency  variation  over 
the  narrow  temperature  range  around  the  nominal  operating 
temperature.  This  is  known  as  the  stability  within  the  overall 
frequency  tolerance. 

(c)  The  tolerance  placed  on  the  allowable  frequency  variation  over  the 
much  wider  operable  temperature  range  which  is  usually  compa- 
rable with  that  of  the  non-temperature  controlled  crystal  units  of 
similar  design. 


In  both  cases,  the  shock,  vibration,  and  aging  frequency  tolerances  are 
additional  to  the  preceding  tolerances. 

The  specified  value  of  maximum  equivalent  resistance  applies  through- 
out the  crystal  operating  temperature  range.  A typical  crystal  will  usually  have 
an  equivalent  resistance  considerably  smaller  than  the  maximum  value,  gener- 
ally one-third  to  one-half  of  the  maximum.  However,  the  total  range  of  equiva- 
lent resistance  found  in  a large  batch  of  crystal  units  of  the  same  type  and  fre- 
quency may  be  as  great  as  9 to  1 . Therefore,  when  oscillators  are  being  produced 
in  large  quantities,  this  range  of  equivalent,  resistance  values  is  likely  to  be  en- 
countered, and  the  oscillator  circuit  must  be  designed  to  accept  this  wide  varia- 
tion and  still  perform  satisfactorily.  Field  replacement  considerations  indicate 
that  this  is  also  advisable  when  only  a few  oscillators  are  involved. 

The  crystal  unit  power  dissipation  rating  should  not  be  exceeded  under 
any  conditions  of  operation.  Although  crystals  can  be  operated  at  higher  dissi- 
pation levels  than  those  specified  without  catastrophic  failure,  several  unde- 
sired effects  occur.  The  coupling  into  undesired  oscillation  modes  tends  to 
increase  with  crystal  unit  drive  level,  possibly  causing  sudden  increases  in  Re, 
particularly  as  a function  of  temperature  which  may  in  severe  cases  cause 
oscillation  to  cease. 

High  crystal  unit  dissipation  is  also  frequently  synonymous  with  high  loop 
gain,  particularly  in  vacuum  tube  circuits,  and  this  can  lead  to  oscillation  at  the 
crystal  unit  spurious  modes  normally  occurring  at  frequencies  slightly  higher 
than  fr  or  f'a  . Frequently  the  crystal  unit  equivalent  resistance  at  these  spu- 
rious mode  frequencies  is  less  than  twice  that. at  the  desired  mode, and  the  pos- 
sibility of  shock  excitation  into  one  of  these  spurious  modes  is  significant  under 
high  loop  gain  conditions.  f„  or  f'  are  also  functions  of  drive  level  and  can 
vary  at  a rate  of  from  0.5  to  5 PPM  per  MW  of  crystal  unit  power  dissipation. 

For  crystal  units  having  the  latter  characteristic,  it  can  readily  be  seen  that  a 
significant  increase  inf  or  f'  and  hence  in  oscillator  overall  frequency  toler- 

T a. 

ance  can  be  caused  by  only  a few  milliwatts' of  overdrive. 

The  crystal  unit  power  dissipation  in  an  oscillator  circuit  depends  to  a 
great  extent  on  the  loop  power  gain,  which  is  in  turn  dependent  on  the  crystal 
equivalent  resistance.  Since  the  latter  has  a wide  range  of  variation,  the  crys- 
tal unit  dissipation  also  varies  between  individual  crystal  units  in  a given  oscil- 
lator circuit.  It  is  good  design  practice  to  ensure  that,  for  the  worst  conditions, 
the  crystal  unit  dissipation  does  not  exceed  the  specified  maximum. 

A listing  of  all  military  standard  crystal  units  is  presented  in  Tables  1-4 
through  1-6.  Figure  1-12  shows  the  outline  dimensions  for  crystal  units  uti- 
lizing different  holders. 
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TABLE  1-4.  PREFERRED  CRYSTAL  UNITS 


CryBtal- 

Unlt 

Type 

Frequency 

Range 

Mode 

Frequency 
Tolerance 
Percent  (±) 

Operating 

Temperature 

Range 

C°C) 

Holder 
(See  Figure 
1-12) 

Maximum 
Rr  or  Rg 

Load 

Capacitance, 

(PF)© 

Rated  Drive 
Level 
<MW) 

Maximum 

Shunt 

Capacitance 

(PF) 

CR-1BA/U 

0.8  to  20  MC 

Fundamental 

0.005 

-55  to  +105  ’ 

HC-6/U 

625  to  20  ft 

32.0  ±0.5 

©10. 0 ±2.0 
© s.6  ±1.0 

7.0 

CH-I3A/U 

0.8  to  20  MC 

Fundamental 

0.005 

-55  to +105 

HC-8/U- 

520  to  15  ft 

©10.0  ±2.0 
© 5.0  ±1.0 

7.0 

CR-25A/U 

■200  to  500  KC 

Fundamental 

0.01 

-40  to  +85 

HC-8/U 

2.5  to  T.5  K 

DO 

2.0  ±0.4 

— 

CH-29A/U 

200  to  500  KC 

Fundamental 

0.002 

70  to  80 

HC-8/U 

2.6  to  7.5  K 

a 

2.0  ±0.4 

— - 

CR-27A/U 

0.8  to  20  MC 

Fundamental 

®0.002 

70  to  80 

HC-6/U 

€25  to  20  A 

32.0  ±0.5 

© 6.0±1.0 
© 2.5  ±0.5 

7.0 

CR-28A/U 

0.8  to  20  MC 

Fundamental 

@0.002 

70  to  80 

HC-6/U 

520  to  15  ft 

» 

® 5.0  ±1.0 
® 2.5  ±0.5 

7.0 

CR-32A/U 

10  to  75  MC 

Third 

Overtone 

0.002 

0.005 

70  to  80 

HC-6/U 

40  to  60  ft 

- 

® 2.0  ±0.4 
© 1.0  ±0.2 

7,0 

CR-35A/U 

0.8  to  20  MC 

Fundamental 

©0.002 

80  to  90 

HC-6/U 

520  to  lb  ft 

» 

® 5.0  ±1.0 
© 2. 5 ±0,  5 

7.0 

CR-36A/U 

0.8  to  20  MC 

Fundamental 

© 0.002 

80  to  90 

«C-6/U 

625  to  20  Si 

32.0  ±0.5 

© 5.0  ±1.0 
® 2.  5 ±0.  5 

7.0 

C R-37A/U 

90  to  250  KC 

Fundamental 

0.02 

-40  to  +70 

HC-13/U 

5 to  5. 5 K 

20.0  ±0.5 

2.0  ±0.4 

@ 

CR-38A/U 

16  to  100  KC 

Fundamental 

0.012 

-40  to  +70 

HC-13/U 

110  to  90  K 

20,0  ±0.5 

0.1 

CD 

CR-42A/U 

90  to  250  KC 

Fundamental 

0.003 

70  to  80 

HC-13/U 

4.5  to  5 K 

32.0  ±0.5 

2.0  ±0.4 

® 

CR-45/U 

455  KC 

Fundamental 

0.02 

-40  to  +70 

HC-6/U 

3.3  K 

2.0  ±0.4 

5.0  ±2.5 

CR-47A/U 

200  to  500  KC 

Fundamental 

0.002 

70  to  80 

HC-6/U 

5.3  to  8.5  K 

20.0  ±0.5 

2.0  ±0.4 

CR-50A/U 

16  to  100  KC 

Fundamental 

0.012 

-40  to  +70 

HC-13/U 

100  to  60  K 

0.1 

® 

CR-52A/U 

10  to  61  MC-';’: 

.v-v,*  '\  v 

■ Third'.'."- 

Overtone 

0.005 

-55  to  +105 

HC-S/U 

40  SI 

» 

© 4.0  ±0.8 
© 2.0  ±0.4 

7.0 

CR-54A/U 

50  to  125  MC 

Fifth 

Overtone 

0.005 

-55  to  +105 

HC-6/U 

50  to  60ft 

• 

2.0  ±0.4 

7.0 

CR-S5/U 

17  to  61  MC 

Third 

Overtone 

0.005 

-55  to  +105 

HC-18/U 

4011 

- 

2.0  ±0.4 

7.0 

CR-56A/U 

50to  125  MC 

Fifth 

Overtone  . 

0.005 

-55  to  +105 

HC-1B/U 

50  to  60 A 

- 

2.0  ±0.4 

7.0 

CR-59A/U 

50 to  125  MC 

Fifth 

Overtone 

©0.002 

80  to  90 

HC-18/U 

50  to  60  ft 

1.0  ±0.2 

7.0 

CR-60A/U 

5 to  20  MC 

Fundamental 

0.005 

-55  to  +105 

HC-18/U 

50  to  20  ft 

5 . 0 ±1 . 0 

7.0 

CR-61/U 

17  to  61  MC 

Third 

Overtone 

©0.002 

80  to  90 



HC-18/U 

40  ft 

- - — 

© 2.0  ±0.4 
© 1.0  ±0.2 

7.0 

See  footnotes  at  end  of  Table  1-4. 


TABLE  1-4.  PREFERRED  CRYSTAL  UNITS  (Cent.) 


Crystal  - 
Unit 
Type 

Frequency 

Range 

Mode 

Frequency 
Tolerance 
Percent  (±) 

Operating 

Temperature 

Range 

<°C) 

Holder 
(See  Figure 
1-12) 

Maximum 
Rr  or  Rg 

Load 

Capacitance, 

(PF)® 

Rated  Drive 
Level 
(MW) 

Maximum 

Shunt 

Capacitance 

(PF) 

CR-63A/U 

200  to  500  KC 

Fundamental 

© 0.01 

-40  to  *70 

HC-6/U 

5.3  to  B.  5 K 

20.0  ±0.5 

2.0  ±0,4 

--- 

CR-64/U 

4 to  20  MC 

Fundamental 

0.005 

-55  to  *105 

HC-18/U 

120  to  2511 

30.0  ±0.5 

5.0  ±1.0 

7.0 

CR-85/U 

10  to  61  MC 

Third 

Overtone 

® 0.001 

70  to  80 

HC-6/U 

40  ft 

o 

© 2 .0  ±0.4 
© 1.0  ±0.2 

7.0 

CR-66/U 

3 to  20  MC 

Fundamental 

0.0025 

-55  to  +105 

HC-6/U 

60  to  25 ft 

30,0  ±0. 5 

© 10.0  ±2.0 
© 8.0  ±1.0 

7.0 

CR-67/U 

17  to  61  MC 

Third 

Overtone 

0,0025 

-55  to  *105 

HC-18/U 

4011 

» 

2.0  ±0.4 

7.0 

CR-68/U 

3 to  20  MC 

Fundamental 

©9.092 

70  to  80 

HC-e/u 

15  to  40ft 

32.0  ±0.5 

5.0  ±1.0 

7.0 

CR-69/U' 

2.9  to  20  MC 

Fundamental 

0.0025 

-55  to  +105 

HC-18/U 

175  to  25ft 

30,0  ±0.5 

5.0  ±1.0 

7.0 

CR-71/U 

4. 5 to  5.  5 MC 

Fifth 

Overtone 

0.00000 

+0.5  11 

HC-30/U 

17511  Max 
100ft  Min 

32.0  ±0.5 

70  UA  ±20% 

4,0  ±10% 

CR-72/U 

17  to  61  MC 

Third 

Overtone 

0.005 

-55  to  +105 

HC-18/U 

40  ft 

* 

2 MW 

7.0 

CR-7  5/U 

50 to  125  MC 

Fifth 

Overtone 

©9.001 

70  to  80 

HC-6/U 

4011 

1.0  ±0.2 

7.0 

CR-76/U 

17  to  61  MC 

Third 

Overtone 

0.0025 

-55  to  +105 

HC-18/U 

4on 

to 

2.0  ±0,4 

3.  5 

CR-77/U 

17  to  62  MC 

Third 
f Overtone 

0.0025^ 

-55  to  +105 

HC-26/U 

40ft 

- 

2.0  ±0.4 

7.0 

CH-78/U 

2.  9 to  20  MC 

Fundamental 

0.005 

-55  to  +105 

HC-25/U 

175  to  25 A 

30.6  ±0.5 

5.0  ±1.0 

7.0 

CS-79/U 

2.9  to  20  MC 

Fundamental 

0.005 

-55  to  +105 

HC-25/U 

5 . 0 ±1 . 0 

7.0 

CR-80/U 

50 to  125  MC 

Fifth 

Overtone 

0,0025 

1 

-55  to  +105 

HC-18/U 

50  to  60ft 

2.0  ±0.4 

7.0 

CR-81/U 

17  to  61  MC 

Third 

Overtone 

0.005 

.-55  to  +105 

HC-25/U 

40ft 

2.0  ±0.4 

7.0 

CR-82/U 

50  to  125  MC 

Fifth 

Overtone 

0.005 

-55  to  +105 

HC-25/U 

50  to  60ft 

a> 

2.0  ±0.4 

7.0 

CR-83/U 

50 to  125  MC 

Fifth 

Overtone 

0.0025 

-55  to  +105 

HC-25/U 

50  to  60ft 

CO 

2.0  ±0.4 

7.0 

CR-84/U 

17  to  61  MC 

Third 

Overtone 

0.002 

80  to  90 

HC-25/U 

40ft 

0= 

© 2.0  ±0.4 
© 1.0  ±0.2 

7.0 

CR-85/U 

0.  B to  20  MC 

Fundamental 

0.0025 

-55  to  +105 

HC-6/U 

520  to  15  ft 

09 

©io.o  ±2.0 

© 5.0  ±1.0 

7.0 

See  footnote-at  end  of  Table  1-4. 


TABLE  1-4.  PREFERRED  CRYSTAL  UNITS  (Cont) 


FOOTNOTES: 

(T)  When  a load  capacitance  is  given,  the  crystal  unit  le  designed  to  operate  at  anti-resonance  (parallel  resonance).  Crystal 
units  which  have  infinite  load  capacitance  are  designed  to  operate  at  series  resonance, 

(2)  For  frequencies  of  10  MO  and  lowpr. 

' © For  frequencies  above  10  MC. 

(4)  Frequency  tolerance  at  room  temperature:  ±0.007  percent. 

© Frequency  tolerance  at  room  temperature:  ±0,008  percent. 

© For  frequencies  of  25  MC  and  lower. 

© For  frequencies  above  25  MC. 

© Maximum  shunt  capacitance  shall  be  computed  using  the  following  formula: 

Frequency  (KC) 

90  to  170 

170+  to  250  


Capacitance  fPF) 

+ 1.2,  ±15  percent 
+ 1.2,  ±15  percent 


Where  f - the  specified  frequency  In  KC. 

@ Maximum  shunt  capacitance  shall  be  computed  using  the  following  formula: 


24 


16  to  34 -=  + 1.6,  ±15  percent 

V f 

si 

34+  to  54 — +1.6,  ±15  percent 

/f 


54+  to  100 


24 

— ♦.  1.6,  ±15  percent 

Ji 


Where  f = the  specified  frequency  In  KC. 

@ Frequency  tolerance  over  secondary  operating  temperature  range  (-55°  to  -40°  and  70°  to  90°C):  ±0.015  percent. 
(Q)  At  point  of  zero  temperature  coefficient;  must  be  a specific  temperature  between  65°  and  77°C. 


TABLE  1-5.  SPECIAL- APPLICATION  CRYSTAL  UNITS® 


Crystal- 

Unit 

Type 

Frequency 

Range 

Mode 

Frequency 
Tolerance 
Percent  (±) 

Operating 

Temperature 

Range 

(°C) 

Holder 

ELectrodes 

Load 

Capac  ltaace 
(PF)© 

Rated  Drive 
Level 
(MW) 

Maximum 

Shunt 

Capacitance 

(PF) 

CR-UB/U 

80  to  200  KC 


Fundamental 



0.01 

' -40  to  +70 

Hc-21/u® 



Plated 

32.0  ±0.5 

2.0  ±0.4 

- 

--- 

CR-16B/U 

’ 80  to  200  KC 

Fundamental 

0.01 

-40  to  +70 

HC-21/U© 

Plated 

2.0  ±0.4 

— 

CR-24/U 

15  to  50  MC 

15  to  25  MC 
Third 
Overtone 
25+  to  50  MC 
Fifth 
Overtone 

0,005 

-55  to  ■‘■105 

HC-10/U© 

Pressure 

$» 

g 

2.0  ±0.4 

7.0 

CR-29A/U 

80  to  200  KC 

Fundamental 

0.002 

70  to  80 

HC-21/U© 

Plated 

32.0  ±0.5, 

. 2.0  ±0.4 

- — 

CR-30A/U 

80  to  200  KC 

Fundamental 

0.002 

70  to  80 

HC-21/U© 

Plated 

■ 

2.0  ±0.4 

— 

CR-33A/U 

10  to  25  MC 

Third 

Overtone 

0.005 

-55  to  ^105 

HC-6/U  ® 

Plated 

32.0  ±0.5 

2.5  ±0. 5 

12.0 

CR-43/U 

80.860  KC 

Fundamental 

0.01 

-30  to  +75 

HC-1S/U® 

Plated 

45.0  ±1.0 

2.0  ±0.4 

45.0 

CR-46A/U 

200  to  500  KC 

Fundamental 

0.01 

-40  to  +85 

HC-6/U  ® 

Plated 

20 . 0 ±0 . 5 

2.0  ±0.4 

— 

CR-51A/U 

10  to  61  MC 

Third 

Overtone 

0.005 

-55  to  +105 

HC-6/U  © 

Pressure 

" 

20,0  ±4.0 

7.0 

CR-53A/U 

50  to  87  MC 

Fifth 

Overtone 

0.005 

-55  to  +105 

HC-6/U  ® 

Pressure 

» 

20.0  ±4.0 

7.0 

CR-5T/U 

500  KC 

Fundamental 

© 

0.001 

80  to  90 

HC-6/U  © 

Plated 

32.0  ±0.5 

0.  5 

7.0 

CR-62/U 

0.8  to  20  MC 

Fundamental 

0.001 

70  to  80 

HC-6/U  © 

Plated 

32.0  ±0.2 

© 5.0  ±1.0 
© 2.5  ±0.5 

7.0 

(T)  These  units  are  suitable  for  special  applications  but  not  for  general  use.  Specific  approval  of  the  Government  is  required  prior 
to  each  intended  use.  A written  justification  of  necessity  is  required  before  their  use  in  new  equipment  design,  and  shall  be 
submitted  as  soon  as  possible  after  the  circuit  design  has  firmed  to  the  point  at  which  the  need  for  one  of  these  crystal-unit 
type  is  evident. 

(2)  When  a load  capacitance  is  given,  the  crystal  unit  Is  designed  to  operate  at  anti-resonance  (parallel  resonance).  Crystal  units 
which  have  infinite  load  capacitance  are  designed  to  operate  at  series  resonance. 

© See  Specification  MIL-H-10056  for  dimensions  of  this  crystal  holder. 

(4)  See  Figure  1-12  for  dimensions  of  crystal  units  utilizing  this  holder. 

(5)  Frequency  tolerance  over  secondaiy  operating  temperature  range  (20°  to  B0°C):  ±0.005  percent. 

(§)  For  frequencies  above  10  MC  and  lower. 

(?)  For  frequencies  above  10  MC. 


TABLE  1-6.  CRYSTAL-UNIT  TYPES  CROSS-REFERENCED  BY  FREQUENCIES 


Frequency 

Range 

(KC) 

Crystal-Unit 

Type. 

Preferred 
or  Special 
Application 

16  to  100 

CR-38A/U 

CR-50A/U 

Preferred 

60  to  200 

CR-15B/U 

CR-16B/U 

CR-29A/U 

CR-30A/U 

Special  Application 

80.860 

CR-43/U 

Special  Application 

90  to  250 

CR-37A/U 

CH-42A/U 

Preferred 

Preferred 

200  to  500 

CR-25A/U 

CR-26A/U 

CR-46A/U 

CR-47A/U 

CR-63A/U 

Preferred 
Preferred 
Special  Application 
Preferred 
Preferred  . 

455 

CR-45/U 

Preferred 

500 

CR-57/U 

Special  Application 

Frequency 

Range 

(MC) 

Crystal- Unit 
Type 

Preferred 
or  Special 
Application 

0.8  to  20 

CR-18A/U 

CR-19A/U 

CR-27A/U 

CR-28A/U 

CR-35A/U 

CR-36A/U 

CR-62/U 

CR-65/U 

Preferred 
Preferred 
Preferred 
Preferred 
Preferred 
Preferred 
Special  Application 
Preferred 

2 . 9 to  20 . 0 

CR-69/U 

CR-78/U 

Preferred 

Preferred 

3.0  to  20.0 

CR-S6/U 

CR-68/U 

Preferred 

Preferred 

4 to  20 

CR-64/U 

Preferred 

4.5  to  5.5 

CR-71/U 

Preferred 

5 to  20 

CR-60A/U 

Preferred 

10  to  25 

CR-33  A/U 

Special  Application 

10  to  61 

CR-51A/U 

CR-52A/U 

CR-65/U 

Special  Application 
Preferred 
Preferred 

15  to  50 

CR-24/U 

Special  Application 

17  to  61 

CR-55/U 

CR-61/U 

CR-67/U 

CR-76/U 

CR-81/U 

CR-84/U 

Preferred 

Preferred 

Preferred 

Preferred 

Preferred 

Preferred 

17  to  62 

CR-77/U 

Preferred 

50  to  87 

CR-53A/U 

Special  Application 

50  to  91 

CR-59A/U 

Preferred 

50  to  125 

CR-54A/U 

CR-56A/U 

CR-75/U 

CR-80/U 

CR-82/U 

CR-83/U 

Preferred 

Preferred 

Preferred 

Preferred 

Preferred 

Preferred 

UNIT  WITH  HOLDER  HC-6/U 


.75  MAX  DIA 
(19.05) 


UNIT  WITH  HOLDER  HC-25/U 


UNIT  WITH  HOLDER  HC-30/U 


notes; 

1.  ALL  DIMENSIONS  IN  INCHES. 

2.  METRIC  DIMENSIONS  IN  PARENTHESES  ARE  SHOWN  FOR  GENERAL 
INFORMATION  ONLY  AND  ARE  BASED  UPON  I INCH*  25.4  MM. 

3.  NO  LIMITING  DIMENSIONS  FOR  SEAL  AREA. 
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Figure  1-12.  Outline  Dimensions  for  Complete  Crystal  Units 
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1-7. 


CRYSTAL  PARAMETER  MEASUREMENTS 


Military  crystal  units  are  specified  in  such  a way  that  only  three  charac- 
teristics are  of  primary  importance  to  the  oscillator  designer.  These  are: 

(a)  The  crystal  unit  frequency.  For  series  resonance  crystal  units  this 
is  the  resonance  frequency  fr,  and  for  anti-resonance  crystal  units 
the  anti-resonance  frequency  f'a  when  loaded  with  a specified  value 
of  capacitance  CL. 

(b)  The  crystal  unit  equivalent  resistance.  For  series  resonance  crys- 
tal units  this  is  the  series  resonance  resistance  and  for  anti- 
resonance crystal  units  the  equivalent  resistance  Re  of  the  crystal 
unit  and  the  specified  loading  capacitor  in  series  at  the  anti- 
resonance frequency. 

(c)  The  crystal  dissipation  rating. 

The  standard  equipment  for  the  testing  of  crystal  units  is  the  Crystal 
Impedance  or  Cl  Meter.  The  purpose  of  this  equipment  is  to  provide  a standard 
method  of  testing  crystal  units,  thereby  ensuring  a fair  measure  of  agreement 
of  crystal  unit  parameter  measurements. 

The  basic  principle  used  in  the  Cl  Meter  to  test  a series  resonance  crys- 
tal unit  is  one  of  comparing  the  crystal  unit  being  tested  to  a known  resistor  in 
an  oscillator  circuit.  The  comparison  is  made  in  the  feedback  network  of  an 
oscillator;  and  when  the  frequency  and  amplitude  of  oscillation  coincide  in  re- 
sponse to  oscillator  tuning,  loop  gain  adjustments,  and  variation  of  the  substitu- 
tion resistor,  the  crystal  unit  resonance  resistance  is  equal  to  that  of  the  sub- 
stitution resistor,  and  the  frequency  of  oscillation  is  the  same  as  the  crystal 
unit  resonance  frequency.  When  testing  anti-resonance  crystal  units,  the  method 
is  slightly  modified.  In  this  case,  the  specified  value  of  loading  capacitance  is 
inserted  in  series  with  the  crystal  unit,  and  this  combination  is  then  compared 
with  the  substitution  resistor  in  the  same  manner  used  for  series  resonance 
crystal  units  to  determine  the  crystal  unit  equivalent  resistance  and  anti-reso- 
nance frequency.  To  ensure  good  repeatability,  these  measurements  must  be 
made  at  the  rated  crystal  unit  dissipation  levels  given  in  the  crystal  unit  speci- 
fications. It  is  also  possible  to  measure  the  value  of  C0  and  to  derive  values  of 
the  motional  arm  equivalent  impedance  elements  R^,  Lj,  and  C-^  using  the  Cl 
Meter. 


Because  of  the  wide  frequency  range  of  crystal  units,  there  are  four  Cl 
Meters  designated  as  follows: 
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Model  Number 


Frequency  Range 


TS-7 10/TSM  10  KC  to  1100  KC 

TS-330/TSM  0. 8 MC  to  15  MC 

TS-683/TSM  10  MC  to  100  MC 

AN/TSM-15  75  MC  to  200  MC 

The  crystal  unit  specification  details  which  Cl  Meter  will  be  used  for 
testing.  The  Cl  Meters  are  completely  self-contained,  and  the  only  additional 
test  equipment  required  is  a frequency  counter.  Measurement  repeatability  and 
accuracy  is  of  the  order  of  2 PPM  on  crystal  frequency  and  5 percent  on  crystal 
equivalent  resistance. 

Cl  Meters  are  not  always  available  to  the  oscillator  designer,  and  there 
are  several  alternative  methods  of  crystal  unit  measurement  of  lower  accuracy 
that  can  be  employed.  Two  of  these  methods  are  as  follows: 

(a)  The  oscillator  being  designed  can  be  used  as  a Cl  Meter.  When 
the  oscillator  uses  a series  resonance  crystal  unit,  this  entails 
repetitively  substituting  carbon  resistors  for  the  crystal  unit  in 
the  oscillator  circuit  and  adjusting  the  oscillator  tuning  until  the 
oscillator  frequency  and  output  voltage  amplitudes  coincide. 

To  ensure  reasonable  accuracy  using  this  method,  the  oscillator 
loop  gain  should  only  be  just  sufficient  to  maintain  oscillation, 
thereby  reducing  the  effects  of  amplifier  non-linearity  to  a mini- 
mum. This  is  particularly  necessary  if  a transistor  amplifier 
is  used  in  the  oscillator.  If  the  signal  voltage  appearing  between 
emitter  and  base  is  large  compared  to  the  "linear"  operating 
range  of  the  emitter-base  junction,  the  feedback  network  output 
is  effectively  open-circuited  over  a substantial  portion  of  the 
oscillation  period.  Since  the  crystal  unit  has  energy  storage 
properties,  the  substitution  resistor  and  the  crystal  unit  will 
react  in  different  ways  to  this  non-linear  operation  and  the  com- 
parison is  no  longer  valid. 

When  the  oscillator  uses  an  anti-resonance  crystal  unit,  the  same 
method  of  measurement  can  be  used  if  an  inductor  equal  to  that  of 
the  crystal  unit  at  the  anti-resonance  frequency  is  connected  in 
series  with  the  substitution  resistor.  That  is,  the  reactance  of 
, the  inductor  should  equal  that  of  the  specified  loading  capacitor  at 
the  measuring  frequency.  A 1-percent  error  in  the  inductive  re- 
actance can  cause  a frequency  error  of  as  much  as  5 PPM,  and  the 


* 35 


inductor  must  therefore  be  accurately  adjusted  in  order  to  achieve 
good  measuring  accuracy.  Similar  considerations  regarding  mini- 
mization of  oscillator  loop  gain  also  apply  when  measuring  anti- 
resonance crystal  units,  although  the  effect  of  non-linear  amplifi- 
cation should  not  be  as  great  in  this  case. 

Using  this  method  of  crystal  unit  measurement,  the  correlation 
with  measurements  made  using  a Cl  Meter  can  be  expected  to  be 
within  2 PPM  for  frequency  and  10-percent  for  resonance  resist- 
ance for  series  resonance  crystal  units,  and  5 PPM  and  10-percent 
for  anti-resonance  crystal  units,  provided  the  precautions  noted 
are  taken. 

The  crystal  unit  can  also  be  measured  with  reasonable  accuracy 
using  a stable  signal  generator  in  the  circuits  shown  in  Figure 
1-13.  In  these  circuits  R^  is  small  compared  to  the  crystal  unit 
equivalent  resistance  and  RB  is  comparable  to  the  equivalent 
resistance.  The  crystal  frequency  is  determined  by  adjusting  the 
signal  generator  frequency  until  maximum  output  voltage  is  meas- 
ured across  Rg,  and  the  crystal  unit  equivalent  resistance  is  ob- 
tained by  measuring  and  Vg  and  calculating  for  the  known  value 
of  Rg.  Because  of  the  narrow  bandwidth  within  which  resonance 
occurs,  the  signal  source  has  to  be  highly  stable  in  order  to  obtain 
meaningful  results,  and  the  signal  generator  will  usually  have  to  be 
operating  for  several  hours  before  the  random  frequency  drift  is 
sufficiently  low  to  permit  measurements. 

If  an  oscillator  is  being  designed  and  two  or  more  crystal  units  of 
the  same  nominal  frequency  are  available,  the  oscillator  (using  one 
of  the  crystal  units)  can  be  used  as  a stable  frequency  driving  source 
to  measure  the  other  crystal  unit;  the  oscillator  frequency  being 
adjusted  to  coincide  with  that  of  the  crystal  under  test  by  varying 
the  oscillator  tuning. 

The  frequency  measured  using  this  method  is  the  frequency  of  maxi- 
mum transmission  fm  which  coincides  with  the  frequency  of  mini- 
mum crystal  unit  impedance.  This  frequency  is  several  PPM  below 
fr,  and  there  is  therefore  an  inherent  frequency  measurement  error. 
The  correlation  with  measurements  made  using  a Cl  Meter  can  be 
expected  to  be  within  7 PPM  for  frequency  and  10-percent  for 
resistance. 


(a)  Series  Resonance  Crystal  Unit  Test  Circuit 


tpio72-6  (b)  Anti-resonance  Crystal  Unit  Test  Circuit 

Figure  1-13.  Approximate  Methods  of  Measuring  Crystal  Unit  Frequency 

and  Equivalent  Resistance 

1-8.  OPERATION  OF  CRYSTAL  UNIT  AT  RESONANCE  WITH  INDUCTIVE 

AND/OR  RESISTIVE  TERMINATION 

The  effect  of  a capacitance  in  series  and/or  in  parallel  with  the  crystal 
unit  on  the  rate  of  change  of  phase  angle  with  frequency  was  covered  in  Sections 
1-2  to  1-5,  and  the  desirable  operating  conditions  were  determined.  The  ter- 
minating load  presented  to  the  crystal  unit  by  the  remainder  of  the  oscillator 
circuit  can  also  appreciably  degrade  the  phase  changing  properties  of  the  crystal 
unit  and  requires  investigation.  The  effect  is  different  in  series-resonance  and 
anti-resonance  oscillator  circuits,  and  the  former  is  treated  first.  The  example 
used  is  that  of  a transistor  oscillator,  since  this  circuit  presents  a complex 
impedance  to  the  crystal  and  therefore  requires  a more  generalized  analysis 
than  does  the  equivalent  vacuum  tube  circuit,  the  input  impedance  of  which  is 
essentially  resistive. 

A condition  of  operation  that  occurs  in  series  type  transistor  oscillators 
entails  the  crystal  unit  operating  at  resonance  into  the  emitter  input  impedance 
of  the  transistor  as  shown  in  Figure  1-14  {a).  At  frequencies  above  a few  mega- 
cycles the  input  impedance  of  a tuned  transistor  amplifier  is  inductive,  and  the 
equivalent  electrical  crystal  circuit  is  as  shown  in  Figure  1-14  (b),  where  X and 
R are  the  amplifier  series  input  impedance  components.  The  effect  of  this  type 
of  operation  on  the  d^/df  characteristic  of  the  crystal  can  be  determined  approxi- 
mately in  the  following  manner. 
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Figure  1-14.  Crystal  Unit  Operating  at  Resonance  into  the 
Emitter  Input  Impedance  of  a Transistor 

Provided  that  Xqq/R^  is  larger  than  5,  the  curves  of  Figure  1-5  show 
that  the  variation  of  dj5/dQs  due  to  changes  of  0 of  ±10  degrees  about  the  zero 
phase  shift  point  will  be  less  than  ±10  percent.  Therefore,  in  this  limited  region 
of  operation,  d0/dQs  can  be  regarded  as  a constant.  This  is  also  shown  quali- 
tatively in  Figure  1-7  where  the  phase  angle  curves  are  seen  to  be  virtually  '■ 
linear  in  the  region  of  zero  phase  angle.  Therefore: 

* K,  (1-57) 

dQs  1 

and 

0 « KqQg  - 0^  (1-58) 

where  is  the  value  of  d0/dQs  at  series  resonance,  which,  for  the  condition 
stipulated,  has  a value  in  the  range  of  0.85  to  1 and  0^  is  a constant  phase  angle 
given  by: 

4tt  L-. 

0k  “ (fs  - fr>  Kl  <1-59> 


The  impedance  of  the  crystal  unit  can  then  be  written  as: 


Zc  - R^.  (1  + j tan  0)  (1-60) 

and  for  phase  angles  less  than  10  degrees,  this  can  be  approximated  as: 

Zc  * Rr  [l  + i (Kl  Qs  - 0k)]  ' (1-61) 
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(1-62) 


The  loop  equation  for  the  network  of  Figure  1-14  is  then: 

Vx  - I { Rr  [l  + j (Kj  Qg  - 0k)]  + R + j xj 

Over  the  small  frequency  range  of  interest,  the  inductive  component  of  the  load 
is  essentially  constant.  Therefore,  the  phase  angle  change  of  the  voltage  V9 
relative  to  is  solely  a function  of  the  change  in  the  phase  angle  of  I relative 
to  Vj.  The  phase  angle  of  V-^  relative  to  I is: 


01 


Rr  (Ki  Qs  ~ 0k)  + x 

Rr+  R 


(1-63) 


The  rate  of  change  of  phase  angle  of  with  respect  to  Q is  then: 


drji  Rr 

dQj  = Rr  + R ‘ K1 


(1-64) 


Dividing  Equation  (1-64)  by  Equation  (1-57)  gives: 


d0l  /da  = 

dQg/dQg  Rr+R 


(1-65) 


Equation  (1-65)  shows  that  the  reduction  in  d0/dQg  incurred  is  solely  due  to  the 
resistive  component  of  the  load  and  that  the  inductive  component  has  no  effect  on 
the  circuit  rate  of  change  of  phase  angle. 

Since  the  stability  of  the  oscillator  is  dependent  on  the  phase  shifting 
ability  of  the  crystal  unit  when  inserted  in  the  feedback  loop,  it  is  desirable  that 
the  ratio  given  in  Equation  (1-65)  should  approach  unity.  That  is,  R should  be 
much  less  than  Rr.  However,  R does  not  constitute  the  total  resistance  in  series 
with  the  crystal  unit.  The  driving  source  will  also  have  a series  resistive  com- 
ponent r which  will  have  a similar  effect  to  R in  reducing  the  phase  angle  shifting 
capability  of  the  crystal  unit.  Introducing  r into  Equation  (1-65)  gives: 


d0  1 /d j _ Rr 
dQg/ dQg  Rr  + R + r 


(1-66) 


Equation  (1-66)  gives  the  total  degradation  of  the  circuit  d0/dQg  relative 
to  that  of  the  crystal  unit  alone.  One  of  the  objects  in  oscillator  design  is  to 
make  (R+  r)  as  small  as  possible  relative  to  Rr,  subject  to  maintaining  an  ade- 
quate loop  gain. 


1-9.  SERIES  RESONANCE  CRYSTAL  UNIT  POWER  DISSIPATION 

It  is  desirable  that  the  crystal  unit  power  dissipation  should  not  exceed 
the  rated  value  under  all  conditions  of  operation.  Since  the  resonance  resist- 
ance of  a crystal  unit  is  permitted  such  a wide  range  of  variation,  the  limitations 
placed  on  the  crystal  terminating  voltage  levels  are  not  evident  and  the  purpose  of 
the  succeeding  analysis  is  to  determine  the  limits.  The  circuit  to  be  analyzed 
is  shown  in  Figure  1-15,  where  R^  represents  the  circuit  at  the  amplifier  input 
side  of  the  crystal  unit  and  V represents  the  voltage  applied  to  the  crystal  unit 
by  the  feedback  circuit  connected  to  the  amplifier  output.  This  implies  that  the 
oscillator  output  represents  a constant  voltage  source,  a reasonable  approxi- 
mation because  of  the  limiting  that  occurs.  From  Figure  1-15  the  crystal  unit 
dissipation  Pc  is: 

V2  R 

Pc  = (1-67) 

(Ri  + Rr) 

This  is  the  well-known  power  transfer  equation  which  shows  that  P^  will  be  a 
maximum  when  and  Rr  are  matched.  That  is: 

R,  - Rr  ' (1-68) 
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Figure  1-15,  Effective  Crystal  Circuit  in  Series  Resonant  Oscillator 


It  has  been  previously  shown  that  contributes  to  the  loading  of  the 
crystal  unit  and  that  it  should  be  small  relative  to  Rr  if  a large  reduction  in 
d0/df  is  to  be  avoided.  It  is  therefore  undesirable  that  Rj  should  exceed 
Rr  max)  and  it  is  preferable  that  it  should  be  considerably  smaller.  Assum- 
ing Rj  is  not  greater  than  Rr  max,  the  maximum  crystal  unit  dissipation  will 
then  be: 


c MAX 


Vz 

4Ri 


(1-69) 


Substituting  the  crystal  unit  dissipation  rating  Pc  into  Equation  (1-69)  and 

transposing  gives: 


V 


max 


2 7 Pc  MAX 


(1-70) 


where  Vmax  is  the  maximum  allowable  crystal  unit  driving  source  voltage. 


Equation  (1-70)  is  applicable  when  R-  has  a value  intermediate  between 
the  minimum  and  maximum  values  of  Rr>  For  the  assumed  9-to-l  variation  of 
Rr,  Rj  must  have  a value  in  the  range: 


- R < R.  < R 

9 r max  17  r max 


(1-71) 


If  Rj  is  less  than  - Rr  max,  the  maximum  allowable  driving  source  voltage  is: 
9 


V 

max 


9 R.  + R 

i L max  

3 R c MAX  r max 

u r max 


(1-72) 


A compromise  value  of  Rj  that  does  not  introduce  excessive  crystal  unit 
loading  but  yet  gives  a reasonable  voltage  attenuation  is  obtained  when  Rj  equals 
1/3  Rr  max-  The  reduction  in  the  circuit  d0/df  below  that  of  the  crystal  unit 
alone  due  to  R^  will  then  be  25  percent  for  a worst-case  crystal  unit.  Assuming 
this  condition  and  a constant  driving  source  voltage,  the  relative  crystal  unit 
dissipation  is: 


P 

c 


V2  R 


/ D 

'3  r max 


d-73) 


The  maximum  crystal 
That  is: 


unit  dissipation  is  then  obtained  when  R^  = - Rr  max. 

3 


P 


c max 


3 V2 

^ max 


(1-74) 


The  relative  dissipation  at  other  values  of  Rf  is  obtained  by  normalizing 

P with  respect  to  P . Dividing  Equation  (1-73)  by  Equation  (1-74)  gives: 

c c max 


c max 


4 ^r  max  • Pr 
% Rr  max  + Rr) 


(1-75) 


Substituting  various  relative  values  of  Rr  into  Equation  (1-75)  gives  the  plot  of 
Figure  1-16  which  shows  that  a 25  percent  variation  in  PQ  will  occur  over  the 
assumed  9-to-l  range  of  Rr  under  the  specified  conditions. 


Figure  1-16,  Crystal  Dissipation  Curve  when  Rj  = ^ Rj.  max 


In  practice,  as  crystal  units  are  interchanged  in  an  oscillator  circuit, 
the  loop  gain  will  increase  for  decreasing  values  of  Rr.  This  will  cause  an  in- 
crease in  oscillator  output  voltage  and  crystal  unit  driving  source  voltage  with 
decreasing  Rr,  since  the  crystal  unit  driving  source  voltage  will  be  directly 
proportional  to  the  oscillator  output  voltage.  The  values  of  Vmax  given  by  Equa- 
tions (1-70)  and  (1-72)  apply  when  Rr  is  less  than  its  maximum  value  and,  con- 
sequently, when  the  loop  gain  is  high.  Therefore,  when  determining  amplifier 
bias  levels  for  a worst-case  design,  the  crystal  unit  drive  source  voltage  used 
in  the  calculations  must  be  less  than  the  values  given  by  Equations  (1-70)  and 
(1-72).  Reducing  Vmax  20  p.ercent  below  the  calculated  value  will  usually  prove 
sufficient. 

Power  supply  voltage  variations  will  also  influence  the  oscillator  output 
voltage  and  should  also  be  taken  into  account.  As  a general  rule,  the  oscillator 
output  voltage  will  increase  by  the  same  percentage  as  the  B+  voltage  increase. 

This  analysis  assumes  that  the  amplifier  input  resistance  remains  con- 
stant as  the  loop  gain  increases.  This  is  normally  a justifiable  assumption  when 
the  oscillator  uses  a vacuum  tube  amplifier,  since  the  grid-base  of  the  tube  is 
normally  large  compared  to  the  signal  levels  appearing  there.  However,  when 
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a transistor  amplifier  is  used,  the  signal  level  may  easily  exceed  the  linear  sig- 
nal handling  capability  of  the  emitter-base  junction  and  the  assumption  of  a con- 
stant amplifier  input  resistance  is  not  justifiable.  The  input  resistance  of  an 
overdriven  transistor  amplifier  is  difficult  to  estimate  except  in  the  most  gen- 
eral terms,  since  it  depends  on  the  transistor  current  and  voltage  bias  levels 
and  the  amplifier  output  signal  voltage.  The  effect  of  overdrive  is  to  increase 
the  average  amplifier  input  resistance,  since  the  emitter-base  diode  is  effec- 
tively reverse-biased  over  a portion  of  the  signal  period.  Because  of  the  highly 
non-linear  characteristics  of  the  junction,  the  increase  is  quite  marked;  aver- 
age input  resistance  of  10  or  more  times  the  small  signal  input  resistance  occur- 
ring for  loop  voltage  gains  of  3.  Insofar  as  crystal  unit  power  dissipation  is 
concerned,  the  increase  in  amplifier  input  resistance  means  that  the  maximum 
crystal  unit  dissipation  will  occur  at  a larger  value  of  Rr,  permitting  the  crys- 
tal drive  source  voltage  to  be  larger  than  the  values  given  by  Equations  (1-70) 
and  (1-72).  This,  in  turn,  allows  an  increase  in  amplifier  output  voltage  and 
oscillator  output  power.  This  effect  is  further  discussed  in  Section  VI  where  an 
attempt  is  made  to  estimate  the  allowable  crystal  unit  drive  voltage  under  these 
conditions . 

1-10.  CRYSTAL  IT  NETWORK 

In  certain  frequency  ranges,  a simple  oscillator  configuration  results 
when  the  amplifier  uses  a grounded  cathode  tube  or  a grounded  emitter  transis- 
tor and  an  anti-resonance  crystal  unit  in  a phase  inverting  feedback  network. 

The  feedback  network  consists  of  a tt  network  of  the  type  shown  in  Figure  1-17; 
and  when  the  value  of  Cy,  C£,  and  Cg  are  appropriately  selected,  the  loading 
of  the  crystal  unit  by  the  driving  source  and  the  output  load  can  be  reduced  to 
negligible  proportions . 

The  purpose  of  the  following  analysis  is  to  investigate  these  loading  effects 
and  to  develop  suitable  design  equations  for  the  crystal  n network. 

1-11.  Crystal  n Network  Analysis 

The  generalized  form  of  the  ir  network  is  shown  in  Figure  1-17  (a).  This 
circuit  shows  the  driving  source  and  its  output  resistance  R and  the  77  network 
terminating  load  Zj.  R can  be  regarded  as  the  amplifier  total  output  resistance 
(reactive  component  tuned  out)  including  the  oscillator  load  resistance  R^,  Zj 
is  the  amplifier  input  impedance,  and  C£  is  included  in  series  with  the  crystal 
to  provide  a method  of  adjusting  the  impedance  level  of  the  network. 

If  it  is  assumed  that  Zj,  the  load  across  crystals  network,  is  negligibly 
large  compared  to  Xq  , the  simplified  network  is  as  shown  in  Figure  1-17  (b) 
when  the  crystal  is  replaced  by  its  series  equivalent  circuit.  This  assumption 
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Figure  1-17.  Equivalent  Circuits  of  a Crystal  Network  and  its  Driving  Source 

concerning  Zj  simplifies  the  analysis  and  does  not  invalidate  the  results,  pro- 
vided that  the  crystal  loading  and  the  network  phase  angle  modifying  effects  of 
Zj  are  otherwise  introduced  into  the  analysis.  The  assumption  is  also  made 
that  the  effective  inductance  of  the  crystal  is  a linear  function  of  frequency  and 
that  its  effective  resistance  is  constant  over  the  small  frequency  range  of  interest. 


The  equations  for  the  network  of  Figure  1-17  are: 


vi  = !i  <R  - jxct> + t2  ■ ;xcT 


° = T1  -3XCt+I2  [Re  + j <Xe-XC/-XCT-XCs)] 


V2  = - I2  • i>xc< 


(1-76) 

(1-77) 

(1-78) 


Solving  for  Vg  gives: 
V2 

= — 


Xr  . xr 

'■'T  S 


R+XcJXe-XC„~XC£)+i  rR(Xe-XCT-XCs“XCi  >-Re-X< 


(1-79) 
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When  the  phase  angle  approaches  180  degrees,  Equation  (1-79)  can  be  approxi- 
mated as:  1 


Re  - R+xCT(xe“xCs-xC^ 


(1-80) 


The  term  (Xe  - X^g  - Xq^)  is  the  effective  inductance  XLeff  of  the  cir- 
cuit to  the  right  of  CT  in  Figure  1-17  (b).  That  is: 


‘Leff 


= X - X, 


- X 


cl 


(1-81) 


The  condition  required  for  the  imaginary  component  in  the  denominator  to  cancel 
is: 


R <XLeff  - XCT)  = Re  * XCT 


(1-82) 


Equation  (1-82)  can  be  rearranged  in  the  form: 


R_ 

R„ 


X 


Leff 


R 


R. 


(1-83) 


Substituting  Equation  (1-81)  into  Equation  (1-82)  and  rearranging  gives: 

X« 


Av  ~ X 


Leff 


"i  + _R 

XCT  XLeff  _ 


(1-84) 


The  phase  angle  of  V2  relative  to  Vl3  over  and  above  the  180-degree 
phase  inversion,  is  obtained  from  Equation  (1-79)  as: 


R (X.  - X„  - X 


tan  0 = 


Cl 


X, 


- R 


X, 


R • Re  + XCT  <Xe  - XCS  - XCj0> 


(1-85) 


Over  the  small  frequency  range  of  operation,  the  reactances  Xq^,  Xq^, 
and  Xq^  can  be  considered  as  constants.  Consequently,  Xg  can  be  regarded  as 
the  only  frequency  dependent  term,  and  differentiating  with  respect  to  Xe  is 
equivalent  to  differentiating  with  respect  to  frequency. 


That  is: 


d0  _ d0  ^Xe  _ d0 

df  ■■  “ " 3x; 


(1-86) 


where  K is  a constant  in  the  small  frequency  range  under  discussion. 
From  Equation  (1-85): 


d (tan  0)  _ _1_ 
dXe  ' Re 
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1 + 


CT  . XLeff 


R R 


e J 


Xr 


1 - 


R 


R<*e  - XCT  “ % - VRe/XC^ 


Re  ' R+XCT(Xe-XCs-XC/)  J 


(1-87) 


But: 


d (tan  0)  _ d0  d (tan  0)  •_  d0 


dX. 


dXp  d0 


dX„ 


o 

sec  0 


(1-88) 


Therefore: 


(1) 

o 

d0  _ cos  0 
dXe  Re 


X, 


(2) 

1 


XCT  XLeff 


1 + 


R 


R, 


n 


R 


R(XC 


(3) 

'xr  -xnJ-  R • xr 


Re  * R + XCT  ' XLeff 


(1-89) 


The  factors  of  Equation  (1-89)  are  denoted  as  (1),  (2),  and  (3)  for  the  purposes 
the  succeeding  discussion. 


1-12.  Crystal  Loading  Due  to  R 


To  find  the  loading  effect  of  R,  it  is  first  necessary  to  find  the  minimum 
value  of  d0/dXe  that  can  be  obtained  in  the  circuit. 

The  maximum  value  of  d0/dXe  is  obtained  when  R becomes  very  large 
(no  crystal  loading  due  to  the  driving  source).  Then: 


(max)  = 


(1-90) 


d0 

dXe 


1 2 

— COS  0 

Re 


The  crystal  loading  due  to  R is  therefore  minimized  as  factors  (2)  and  (3) 
approach  1 and  as  0 approaches  0 degree, 

A suitable  value  must  be  found  for  the  reduction  in  the  network  d0/dXe 
below  that  of  the  crystal  unit  alone.  Further  degradation  will  be  incurred  due 
to  Z\  as  will  be  shown  later,  and  a circuit  d0/dXe  degradation  (due  to  R)  to  75 
percent  of  that  of  the  crystal  unit  alone  when  Re  has  its  maximum  value  Re  max 
is  considered  suitable. 


Another  factor  must  also  be  considered.  Factor  (1)  shows  that  a large 
deviation  of  the  input-output  yoltage  phase  angle  from  180  degrees  will  cause  a 
large  degradation  of  circuit  d0/dXe,  in  addition  to  those  due  to  R and  Z j.  For 
example,  a phase  deviation  of  10  degrees  causes  a 3 percent  reduction,  20 
degrees  in  11  percent  reduction,  and  30  degrees  a 25  percent  decrease.  Clearly 
a phase  angle  of  less  than  20  degrees  is  desirable  because  of  this  effect.  Assum- 
ing a maximum  value  of  0 of  ±10  degrees  and  noting  that  the  bracketed  term  of 
factor  (3)  is  tan  0 (Equation  1-85))  gives  the  following  equation  for  the  normalized 
degradation: 


d0 

dXg 

d0 

dX^ 


(max) 


= 0.75 


1 - 0.176 
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1 + 


LLeff 


R 


R 


e max 


(1-91) 


Values  of  X^^/Rg  max,  XCt/R,  and  R/X^  • Re  max/Xlje&  which  simulta- 
neously satisfy  the  equality  of  Equation  (1-91)  are  given  in  Table  1-7  for  values 
of  ^Leff/Re  max  frorn  0. 5 to  30.  Reference  to  Table  1-7  and  Equation  (1-84) 
shows  that  the  voltage  attenuation  then  lies  between  the  limits: 


X, 
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5.5  X 


Leff 


AV 
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4 X 


Leff 


in  order  to  satisfy  the  given  loading  conditions. 


(1-92) 
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TABLE  1-7.  NETWORK  COMPONENT  RATIOS  RESULTING  IN  A 25-PER- 
CENT REDUCTION 


dXp 


XLeff 

xcT 

R 

R rte  max 

Re  max 

R 

XCT  XLeff 

0.5 

0.45 

4.45 

1 

0.27 

3.7 

2 

0.15 

3.32 

4 

0.08 

3. 16 

8 

0.041 

3.05 

12 

0.028 

3.03 

20 

0.016 

3.02 

30 

0.011 

3.02 

1-13.  Effect  of  Output  Load  Zj 


As  shown  subsequently,  the  input  impedance  of  a phase  inverting  ampli- 
fier can  be  considered  as  a parallel  combination  of  resistance  Rin(p)  and  capaci- 
tance Cjn(p)  which  for  the  purpose  of  this  analysis  become  Rj  and  Cj.  Introduc- 
ing Zj  into  the  crystal  it  network  requires  certain  conditions  to  be  met  if  the 
preceding  analysis  is  to  remain  valid. 


1-14.  Effect  of  Cj 


The  presence  of  Cj  established  a minimum  limit  to  the  value  of  Cg.  Since 
the  voltage  attenuation  of  the  n network  is  proportional  to  X^g,  Cj  may  therefore 
influence  the  minimum  realizable  value  of  Ay  in  the  absence  of  more  stringent 
limitation  by  Rj.  The  latter  condition  normally  applies  for  transistor  amplifiers. 

1-15.  Effect  of  Rj 

The  presence  of  Rj  in  parallel  with  Cg  results  in  both  additional  crystal 
loading  and  an  additional  phase  shift  of  V2  relative  to  V-j.  The  impedance  across 
which  the  output  voltage  V2  appears  is  now: 


Z 


~ixcs 


(1-93) 
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The  output  voltage  is  then: 


-j*r 


v2  = I2z 


X, 


1 - j 


R; 


(1-94) 


Comparison  of  Equation  (1-94)  with  Equation  (1-78)  shows  that  the  presence  of 
Ri  has  reduced  the  phase  of  angle  V2  relative  to  I2,  from  -90  degrees  to  a value: 


(1-95) 


This  reduction  of  0Vq  is  equivalent  to  an  additional  phase  lead  of  the  77  network 

and  will  be  beneficial  when  the  amplifier  has  a phase  lag.  It  should  not,  how- 
ever, be  allowed  to  become  too  large,  since  any  phase  lead  greater  than  that  of 
the  amplifier  phase  lag  will  require  a compensating  phase  lag  of  I2.  And  if  this 
becomes  excessive,  a reduction  in  d0/dXe  will  occur  as  shown  by  the  cos^0  term 
of  Equation  (1-89).  A maximum  value  of  10  degrees  therefore  appears  to  be  a 
reasonable  compromise  for  tan~^  X^g/R^  when  the  phase  angle  is  the  controlling 
factor.  This  gives: 


X 


C 


S 


Ri 

6 


(1-96) 


However,  this  does  not  take  into  account  the  crystal  loading  due  to  Rj.  The 
parallel-to-series  transform  of  R^  and  X^g  results  in  a resistance  r^  in  series 
with  the  crystal  unit  equal  to: 


ri  = 


Ri 


ft) 


(1-97) 


1 + 


Equation  (1-96)  shows  that  R^/X^,  will  be  greater  than  6 when  the  maximum 

S 

phase  angle  condition  is  satisfied  and,  therefore,  rj  can  be  approximated  as: 

\2 


ri  = 


W 


Ri 


(1-98) 


In  the  7 7 network,  r^  is  in  series  with  Rg  and  effectively  increases  the  value  of 
Re  to  be  used  in  Equation  (1-89).  This  will  result  in  a further  reduction  in 
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d0/dXe,  and  a limit  must  be  placed  on  this  effect.  Bearing  in  mind  the  25-per- 
cent reduction  due  to  R when  Re  equals  Re  raax  and  possibly  as  much  as  5 per- 
cent due  to  input  phase  angle  deviations,  a suitable  limit  to  place  on  loading  due 
to  rj  would  be  10  percent.  That  is: 


ri  - °-1Remax 

Substituting  this  value  of  r^  into  Equation  (1-98)  and  transposing  gives: 

(1-100) 


XCo  5 fo.l  Re  max  • Rj 

The  value  of  Xq  must  therefore  have  the  smaller  value  given  by  Equation  (1-96) 
or  (1-T00).  Equating  these  shows  that  the  transition  occurs  when: 


Ri  - 3.6  R, 


e max 


(1-101) 


1-16.  Crystal  Unit  Power  Dissipation 


This  circuit  is  employed  in  two  ways,  and  it  is  desirable  to  know  the 
power  dissipation  in  relationship  to  both  and  V^. 


(a)  Relative  to  V 


Then: 


Neglecting  rj  as  small  compared  to  Re  the  crystal  unit  power  dissi- 
pation Pq  can  be  obtained  by  substituting  in  terms  of  I2  for  V2  in 
Equation  (1-84),  When  and  I2  approach  90  degrees: 


(1-102) 


(1-103) 


Differentiating  with  respect  to  Re  shows  that  the  maximum  crystal  dissipa- 
tion occurs  when: 

TD  Rp 

~ = 1 d-104) 

aCt  ALeff 

Bearing  in  mind  the  possible  9-to-l  range  of  values  of  Re,  the  condition  given  by 
Equation  (1-104)  will  occur  if: 
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(1-105) 


D 

R _ max  < 9 
XCT  XLeff 


Table  1-7  shows  that  this  condition  is  satisfied  for  all  X^ff/Rg  max  values 
exceeding  0.5.  Therefore,  the  maximum  crystal  dissipation  will  be: 


P 


C 


max 


R„ 


(xLeff)" 


(1-106) 


The  value  of  Re  that  satisfies  Equation  (1-104)  can  be  obtained  from  Table  1-7, 

Column  3,  in  terms  of  R~  This  shows  that  for  all  values  of  XT  „*/R„ 

’ e max  Lett  e max 

greater  than  0.5,  the  range  of  values  of  Re  that  results  in  the  equality  given  by 
Equation  (1-104)  is: 

■p  rj 

e max  ^ p ^ e max  (1-107) 

4.45  ^ 3 

Equation  (1-107)  shows  that  the  value  of  Re  at  which  maximum  crystal  unit  dis- 
sipation occurs  does  not  vary  greatly,  and  using  a value  of  Re  equal  to  0.274 
Re  max  in  Equation  (1-106)  will  result  in  an  error  of  less  than  20  percent  in 
PC  max  ^or  va^ues  of  X-^gfj/Rg  max  greater  than  0.5,  The  maximum  value 
of  Vj  that  does  not  overdrive  the  crystal  can  now  be  obtained  from  Equation 
(1-106)  by  substituting  for  Re  and  for  the  crystal  unit  dissipation  rating  Pq  MAX 
as: 


V 


1 max 


= 2 /P 


(xLeffl 


C MAX  • OTr 


e max 


X 


= 3.8 


Leff 


R, 


e max 


C MAX 


% 


max 


(1-108) 


Equation  (1-108)  shows  that  the  maximum  allowable  input  voltage  is  di- 
rectly proportional  to  the  value  of  X^g^/Rg  max  used,  all  other  terms  in  the 
expression  being  constant  for  a given  crystal  type  and  frequency. 

(b)  Relative  to 

In  one  method  of  operation,  R will  be  the  combined  resistance  of 
the  oscillator  external  load  Rj^  and  the  amplifier  output  resistance 
Rg^  in  parallel.  The  value  of  R (R^  in  this  case)  is  determined  by 


the  crystal  loading,  which  therefore  indirectly  determines  the 
minimum  value  of  R^  and  the  possible  oscillator  power  output 
as  shown  in  the  following  analysis. 


In  an  oscillator  circuit,  it  is  desirable  that  the  output  power  be 
independent  of  changes  in  crystal  characteristics.  Therefore, 
one  design  object  is  to  develop  a certain  amplifier  output  volt- 
age, which  in  this  case  is  also  the  voltage  across  Crp,  which  is 
compatible  with  the  crystal  dissipation  rating  for  all  possible 
values  of  Re,  and  to  maintain  this  voltage  level  constant  inde- 
pendent of  variations  in  Re.  The  resistive  component  R^  , re- 
flected across  the  terminals  of  CT  by  the  crystal  equivalent 
resistance  Re,  is  given  by  a series -to-parallel  transformation 
as: 


- Re 


(1-109) 


Because  of  the  9-to-l  variation  of  Re  between  crystal  units,  the  value  of  Rjj.  is 
a variable  and  will  have  a minimum  value  when  Re  is  at  maximum  and  vice- 
versa.  The  minimum  value  of  Rjj.  is  obtained  by  substituting  Rg  equals  Re  max 
into  Equation  (1-109)  giving: 


% min  " Re  max 


(1-110) 


Similarly,  the  maximum  value  of  R^  is: 


R 


e max 


max 


1 + 


/ 9 XLeff  \ 
\ Re  max  / 


(1-111) 


The  crystal  unit  power  dissipation  is  equal  to: 


R?t 


(1-112) 


where  is  the  voltage  across  Cq\  Therefore,  for  a given  V^,  the  crystal 
dissipation  will  be  greatest  when  R^  has  its  smallest  value.  The  maximum 
allowable  value  of  when  Re  equals  Re  max  is  then: 


\A  ~ ,//pC  MAX  ' Rtt  min 


PC  MAX  * R 


e max 


1 + 


/ XLeff  \ 

\ ^e  max  / - 


(1-113) 


or,  transposing: 


pC  MAX 


But  is  the  voltage  across  R^, 


V 


TT  A 
Rt 


and  therefore  the  output  power  is: 


(1-114) 


(1-115) 


If  it  is  assumed  that  Ro(p)  is  much  greater  than  RL,  RL  then  replaces  R in  the 
crystal  loading  equations  previously  derived.  Substituting  for  R and  Re  max  in 
Equation  (1-83)  gives: 


RL  = XLeff  _ RL 
^e  max  ^e  max 


(1-116) 


Substituting  for  Rj^  in  Equation  (1.-115)  from  Equation  (1-116)  and  dividing  Equa- 
tion (1-115)  by  Equation  (1-114)  gives: 

.’X, 

1 + 


C MAX 


X 


/XLeff  V 

\Re  max  ) 


Leff 


R, 


e max 


R, 

x: 


(1-117) 


- 1 


Figure  1-18  is  a plot  of  Equation  (1-117)  for  values  of  XLgff,  Re  max* 

R^,  and  Xq^  compatible  with  the  previously  derived  crystal  loading  conditions. 

It  shows  that  the  allowable  load  power  can  be  considerably  greater  than  the  crys- 
tal dissipation  rating  for  Xj^ff/Rg  max  values  less  than  1;  and  that  for  values 
greater  than  2,  the  allowable  load  power  is  only  slightly  more  than  one-third  of 
the  crystal  dissipation  rating.  It  will  subsequently  be  shown  that  operation  with 
XLeff/ Re  max  values  less  than  1 results  in  poor  oscillator  power  conversion 
efficiency  and  that  this  type  of  oscillator  is  most  suitable  when  output  powers 
of  less  than  Pq  max  are  desired. 


This  relationship  was  derived,  assuming  that  the  amplifier  output  resis- 
tance was  much  greater  than  the  load  resistance.  This  condition  results  in  the 
maximum  power  output;  and  when  the  amplifier  output  resistance  cannot  be 
ignored,  the  allowable  oscillator  output  power  will  be  correspondingly  reduced. 


Figure  1-18.  Ratio  of  Oscillator  Output  Power  Relative  to  Crystal 
Dissipation  Rating  as  a Function  of  X-^^/Rg  max 
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SECTION  2 

APPLICATION  OF  QUARTZ  CRYSTALS  TO  OSCILLATOR  DESIGN 


2-1.  GENERAL 

In  the  preceding  section  it  was  demonstrated  that,  provided  certain  con- 
ditions of  usage  are  observed,  the  quartz  crystal  has  the  high  rate  of  change  of 
phase  angle,  and  the  insensitivity  to  external  disturbances,  desirable  in  the  fre- 
quency controlling  element  of  an  oscillator.  Because  of  these  conditions,  the 
introduction  of  the  crystal  unit  into  the  oscillator  circuit  requires  careful  con- 
sideration, and  this  is  the  purpose  of  the  following  discussion. 

2-2.  GENERALIZED  OSCILLATOR  BLOCK  DIAGRAM 

From  the  discussion  in  the  Introduction,  it  can  be  seen  that  the  essential 
circuits  of  an  oscillator  are  a power  amplifying  device  and  a feedback  network 
which  extracts  a portion  of  the  amplifier  output  power  and  returns  it  to  the  ampli- 
fier input.  Consideration  of  this  circuit  and  the  operating  characteristics  of  the 
crystal  unit  leads  to  certain  conclusions  regarding  the  placement  of  the  crystal 
unit  in  the  circuit  and  the  nature  of  the  network  that  will  be  required  to  terminate 
the  crystal  unit.  These  are: 

(a)  In  Sections  1-8  and  1-11  it  was  shown  that  to  avoid  reducing  the  crys- 
tal characteristics  undulv,  the  power  transfer  between  the  input 

df 

and  output  of  the  crystal  unit,  or  the  network  in  which  it  is  incorpor- 
ated, should  be  inefficient.  That  is,  the  power  available  at  the  output 
side  of  the  crystal  or  crystal  network  should  be  small  compared  to 
the  power  dissipation  in  the  crystal  unit.  In  view  of  the  limited  power 
dissipation  capabilities  of  the  crystal  and  the  desirability  of  minimiz- 
ing the  dissipation,  it  follow's  that  the  crystal  should  be  inserted  into 
the  oscillator  circuit  at  the  minimum  power  level  point.  Simple 
reasoning  shows  that  this  occurs^  at  the  input  of  the  amplifier  which 
is,  therefore,  the  logical  position  for  the  crystal  or  the  crystal 
network. 

f 

(b)  It  was  also  shown  in  Sections  1-8  and  1-11  that  the  crystal  terminat- 
ing impedance  levels  should  be  compatible  with  those  of  the  crystal 
unit  if  its  high  rate  of  change  of  phase  angle  with  frequency  charac- 
teristic is  to  be  maintained.  In  general,  neither  the  input  or  output 
impedance  levels  of  the  power  amplifier  will  meet  this  requirement, 
and  passive  networks  having  impedance  transforming  properties  may 
need  to  be  interposed  between  the  crystal  unit  and  both  the  amplifier 
input  and  output.  The  purpose  of  these  networks  is  to  reflect  the 


amplifier  input  and  output  impedances  at  compatible  levels  into  the 
crystal  or  crystal  network. 

(c)  That  portion  of  the  amplifier  output  power  to  be  fed  back  to  the 

amplifier  input,  Pfb>  is  conveniently  derived  in  parallel  with  that 
fed  to  the  external  load,  P^.  The  same  signal  voltage  is  then  across 
both  feedback  network  and  load,  and  the  power  division  between  them 
is  therefore  dependent  on  the  relative  values  of  the  parallel  equivalent 
resistances  of  the  feedback  network  and  the  oscillator  load.  In  most 
cases,  it  is  desirable  that  the  power  division  should  favor  the  external 
load  (provided  that  the  loop  gain  condition  is  still  satisfied),  and  it  may- 
then  be  necessary  to  introduce  an  impedance  transforming  network  at 
the  input  of  the  feedback  network  to  obtain  the  requisite  power  division. 
Generally,  this  function  can  be  combined  with  that  of  the  impedance 
transforming  network  giving  compatible  matching  between  crystal 
and  amplifier  output. 

2-3.  OSCILLATOR  GAIN  RELATIONSHIPS 

From  the  preceding  discussion  it  is  possible  to  construct  the  more  de- 
tailed oscillator  block  diagram  shown  with  the  loop  broken  in  Figure  2-1  and  to 
determine  the  power  and  voltage  relationships.  In  this  circuit  the  loop  gain  is 
assumed  to  be  1 and  the  power  transfer  efficiencies  E,  the  voltage  attenuations 
Av^,  the  power  gain  Gp,  and  the  voltage  gain  Gv^  of  the  various  blocks  are 
those  applying  when  each  block  is  terminated  in  the  succeeding  block  as  shown. 

The  reactive  components  of  the  feedback  network  and  the  oscillator  load  are 
also  assumed  to  be  tuned  out.  The  total  amplifier  output  power  is  then: 


Pp  = Ei  * E2  • 

e3  ' Gp  ' PFB  = Gp  ’ PFB 

(2-1) 

where 

Gp  = El  * E2  ■ 

E3  ‘ Gp 

(2-2) 

and 

Px  = pl  + pfb 

(2-3) 

Substituting  for  Pp  from  Equation  (2-3)  into  Equation  (2-1)  and  trans- 
posing gives: 


Since  the  power  dissipations  Pl  and  Pj-g  occur  in  parallel  resistive 
loads  Rl  and  Rpg,  respectively: 
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Figure  2-1.  Generalized  Oscillator  Block  Diagram 


PL  = V^_  / v|_  = Rfb 

PFB  rL  / rFB  rL 

Therefore, 


Similarly,  from  Equation  (2-1): 


where 


rFB  • rL 

rfb  + RL 


Therefore, 


Rfb 

Rq' 


Dividing  Equation  (2-9)  by  Equation  (2-6)  gives: 

RL  = Gp 
rT  G p - 1 

The  voltage  gain  expression  is: 


V0  = Ai  ■ A2  • A3  • Gv  ‘ V0  /^l+02+^3+0A 
or 

Ai  • A 2 • A3  • Gv  = 1 


(2-5) 

(2-6) 

(2-7) 

(2-8) 

(2-9) 

(2-10) 

(2-11) 

(2-12) 
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and 

0 1 +02  + 03  + 0A  = 2tt  rads,  etc. 

Equation  (2-4)  defines  the  ratio  between  oscillator  output  and  feedback 
power  and  shows  that  it  is  dependent  on  the  net  power  gain  of  all  the  oscillator 
blocks.  It  also  determines  the  maximum  power  output  of  the  oscillator,  since 
the  maximum  feedback, power  will  be  limited  by  the  permissible  crystal  unit 
dissipation.  Equation  (2-6)  expresses  this  in  another  way,  showing  the  maxi- 
mum value  of  Rfb  that  can  be  employed  for  a given  net  gain.  Equations  (2-9), 
(2-10),  and  (2-12)  are  also  useful  in  oscillator  design  calculations. 


These  equations  are  all  derived  for  a loop  gain  of  1.  In  a practical  oscil- 
lator it  is  desirable  that  the  loop  gain  under  small  signal  conditions  should  be 
greater  than  1 so  that  minor  gain  reductions  due  to  any  cause  will  not  result  in 
the  cessation  of  oscillation.  It  is  also  advantageous  up  to  a point  in  stabilizing 
the  oscillator  output  power;  a topic  that  will  be  discussed  later.  A loop  power 
gain  of  2 or  3 seems  to  be  generally  suitable,  and  this  can  be  introduced  into 
the  preceding  equations  by  assigning  to  Gp  or  G p a value  of  1/2  to  1/3  of  its 
actual  value;  or,  if  the  voltage  relationships  are  to  be  used,  by  decreasing  Gy  to 

Gy  Gy 

)/2  /F 


The  use  of  these  equations  can  be  demonstrated  by  an  idealized  design 
example  of  a series  resonance  oscillator.  The  following  circuit  conditions  are 
assumed:  The  amplifier  power  gain  is  200  when  Rx  = IK  and  has  zero  phase 
shift  between  input  and  output.  The  amplifier  input  impedance  is  resistive  and 
has  a value  of  20  ohms.  The  crystal  resonance  resistance  Rr  is  80  ohms. 

The  amplifier  input  resistance  is  sufficiently  low  that  an  impedance 
transforming  network  will  not  be  required  between  the  crystal  unit  and  the  ampli- 
fier input,  and  the  crystal  unit  can  be  directly  connected  to  the  amplifier  input. 
The  power  transfer  efficiency  between  the  crystal  unit  input  and  output  will  be: 


Ec 


Bin 

Rin  + Rr 


0.2 


(2-13) 


The  net  gain  from  the  crystal  unit  input  to  the  amplifier  output,  calculating  on  the 
basis  of  a loop  gain  requirement  of  2,  is: 

Gd 

Ec  ‘ = 20  (2-14) 

The  input  resistance  as  viewed  at  the  input  terminal  of  the  crystal  unit  is  100  ohms. 
This  is  considerably  smaller  than  Rxs  and  an  impedance  transforming  network 
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will  be  required  between  the  amplifier  output  and  the  crystal  unit  input  terminal. 
Specifying  the  efficiency  Ej_  of  this  network  as  0.75  gives  a net  loop  gain  of: 


v 

then: ' 


Gp  = El  • Ec  * - 15 

G f 

Rl  = • RT  = 1-07  k 

Lr  p - 1 


(2-15) 

(2-16) 


Rfb  = G'  . RT  = 15  K 


(2-17) 


The  impedance  transformation  ratio  Tr  required  between  amplifier  output  and 
crystal  unit  input  is,  therefore: 

Rfb 

Tr  - = 150  <2-18) 


Since  this  network  will  be  passive,  its  impedance  transforming  properties 
will  be  reciprocal,  and  the  resistance  R facing  the  crystal  unit  at  its  input  ter- 
minal will  be : 


_1_  Rq  • Rl 
Tr  * Ro  + RL 


(2-19) 


where  R0  is  the  effective  parallel  output  resistance  of  the  amplifier.  Even  if  R0 
is  assumed  to  be  infinite,  R will  be  6. 7 ohms  due  to  RB,  and  therefore  provides 
adequate  terminating  conditions  for  a crystal  with  a resonance  resistance  of  80 
ohms.  If  the  dissipation  rating  of  the  crystal  unit  Pq  MAX  is  2 MW,  the  maxi- 
mum power  output  allowable  before  crystal  overdrive  occurs  is  found  as  follows: 

The  amplifier  input  power  is: 


i 


then 


Pin  = — • PC  MAX  = 0.5  MW 
Rr 

PFB  = (—  + Pm)  = 3 . 33  MW 

E1 


(2-20) 


(2-21) 


and 

PL  = PFB  (Gp  -1)  »=  47  MW  (2-22) 

This  example  could  also  have  been  given  in  terms  of  loop  voltage  gain. 
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In  the  preceding  , the  requirement  for  additional  networks  having  imped- 
ance transforming  properties  has  been  determined,  and  general  oscillator  de- 
sign equations  have  been  developed.  A further  outcome  is  the  added  emphasis 
placed  on  the  important  characteristics  of  amplifiers  and  impedance  transform- 
ing networks  which  need  to  be  known  before  oscillator  design  calculations  can 
be  made.  These  characteristics  which  are  subjects  of  Section  3 and  4,  respec- 
tively, are: 

(a)  The  power  or  voltage  gain,  the  phase  angle,  and  the  input  and  output 
impedance  of  the  amplifier. 

(b)  The  power  transfer  efficiency,  impedance  transforming  or  voltage 
attenuation  ratio,  and  the  phase  angle  of  the  impedance  transform- 
ing network. 
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SECTION  3 

AMPLIFIER  CHARACTERISTICS 


3-1.  GENERAL 

As  stated  in  Section  2 the  amplifier  characteristics  of  primary  impor- 
tance are  the  power  or  voltage  gain,  the  input  impedance,  and  the  phase  shift 
between  input  and  output.  Because  the  amplifier  normally  provides  the  limiting 
action  that  stabilizes  the  amplitude  of  oscillation,  its  operation  in  an  oscillator 
circuit  is  non-linear,  with  the  input  impedance  and  voltage  and  power  gain  vary- 
ing cyclically  with  the  period  of  oscillation.  The  estimation  of  average  values 
of  input  impedance  and  gain  under  these  conditions  would  be  difficult  and,  as  it 
turns  out  for  the  simple  types  of  oscillators  discussed  here,  unjustified  in  view 
of  the  satisfactory  results  that  can  be  achieved  by  simpler  methods. 

The  approach  used  is  to  ignore  the  non-linear  action  of  the  amplifier,  and 
to  assume  that  the  small  signal  gain  and  input  impedance  suffice  to  characterize 
the  amplifier  for  oscillator  design  purposes.  This  simplification  is  justified  in 
practice  by  the  results  obtained  and  also  closely  approaches  the  actual  circuit 
operation  when  the  loop  gain  is  only  slightly  greater  than  1.  Additionally,  it  also 
accurately  portrays  the  circuit  conditions  during  the  initial  buildup  of  oscillation 
prior  to  the  oscillation  amplitude  stabilization  by  the  amplifier  non-linearity. 
Therefore,  the  amplifier  small  signal  gain  and  input  impedance  are  appropriate 
design  parameters  when  estimating  the  loop  gain  and  phase  shift  which  will  allow 
oscillation  to  build  up. 

The  following  discussion  presents  appropriate  formulae  for  the  calcula- 
tion of  amplifier  input  impedance,  power  gain,  voltage  gain  and,  in  some  cases, 
output  impedance  for  the  frequency  range  where  the  amplifier  characteristics 
are  amenable  to  calculation.  For  both  transistor  and  vacuum  tube  amplifiers 
this  range  extends  from  zero  frequency  to  possibly  10  to  40  MC,  depending  on 
amplifier  configuration.  Above  this  range  the  amplifier  characteristics  become 
increasingly  complex,  and  simple  formulaemo  longer  give  sufficient  accuracy 
for  design  purposes.  An  experimental  approach  is  then  preferable,  and  experi- 
mentally derived  data  are  presented  to  provide  background  information  which  will 
allow  the  effects  of  active  device  bias  level  changes  to  be  estimated. 

In  the  following  discussion,  design  equations  which  are  commonly  avail- 
able from  textbooks  are  given  without  derivation. 

3-2 . VACUUM  TUBE  CHARACTERISTICS  AT  LOW  FREQUENCIES 

At  low  frequencies,  reasonably  accurate  estimations  of  gain  and  input 
impedance  can  be  obtained  from  the  equivalent  circuits  of  Figure  3-1  and  the 
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PLATE 


-pCpk 


PLATE 


Figure  3-1.  Vacuum  Tube  Equivalent  Circuits 


parameter  values  quoted  in  the  manufacturer’s  data  sheets.  For  the  general 
purpose  type  of  miniature  and  subminiature  vacuum  tube,  this  equivalent  circuit 
adequately  represents  the  performance  of  the  device  up  to  frequencies  of  20  to 
50  MC,  depending  on  amplifier  configuration.  Above  this  frequency  range  para- 
sitic reactance,  notably  cathode  lead  inductance,  becomes  a dominating  factor 
in  the  behavior  of  the  tube,  and  the  equations  derived  from  the  simple  circuits 
of  Figure  3-1  no  longer  apply. 

3t3.  Design  Equations  for  Triode  Amplifiers  at  Low  Frequencies 


a.  Grounded  Cathode  Triode  Amplifier 


When  the  plate  circuit  is  tuned  to  resonance  or  at  frequencies  where 
the  load  and  tube  reactances  are  large  compared  to  the  load  resistance  R^,  the 
following  equations  are  applicable: 


The  voltage  gain  is: 


The  tube  input  impedance  is: 


(3-1) 


cin(p)  = <Gv  + 1)  Cpg  + Cgk  + C <strays)  0-2) 

where  (Gy  + 1)  Cpg  is  the  "Miller"  capacitance. 

This  is  the  input  impedance  of  the  tube  alone,  and  a grid  leak  resis- 
tor Rg  will  be  necessary.  The  total  input  impedance  therefore  consists  of  C^p) 
and  Rg  in  parallel.  For  the  tubes  suitable  for  oscillator  applications,  the  maxi- 
mum value  of  Rg  is  normally  specified  as  1 megohm  and  occasionally  as  2 megohms. 
The  output  impedance  is  Rp  in  parallel  with  Cpg  and  Cpk. 


(3-3) 


The  power  gain  is: 


G 


P 


U2  . Rp  . Rg 

(Rt  + Rp)2 


In  the  frequency  range  where  these  equations  apply,  the  phase  angle 
between  input  and  output  voltage  is  essentially  180  degrees  when  the  plate  cir- 
cuit is  tuned  to  resonance. 


b.  Grounded  Grid  Triode  Amplifier 


With  the  same  plate  tuning  conditions  as  for  the  grounded  cathode 
amplifier,  the  following  equations  are  applicable: 


The  voltage  gain  is: 
(U  + 1)  R 

Gv  = : 

v RT*Rp 


(3-4) 


The  input  impedance  consists  of  two  parallel  components.  The  re- 
sistive component  is: 


J,  = RT+HP 
nin(P)  U + 1 


(3-5) 


The  capacitive  component  is: 

cin(p)  = Cgk  + C (strays)  - Cpk  (Gv  - 1)  (3-6) 

where  Cpk  (Gy  - 1)  is  due  to  feedback  via  Cpk. 

The  feedback  term  will  normally  be  large  relative  to  Cgk  and  C(strayS) 
unless  special  screening  is  provided  within  the  tube,  and  the  parallel  input  re- 
actance will  then  be  inductive.  The  output  impedance  is  Rp  in  parallel  with  Cpg 
and  Cpk. 


The  power  gain  is: 


G„  - G. 


--  2 - 


V 


Rp 


(U  + 1)  Rj. 

Rt  4 


(3-7) 


In  the  frequency  range  where  these  equations  apply,  the  phase  angle 
between  input  and  output  voltage  is  essentially  0 degree  when  the  plate  circuit  is 
tuned  to  resonance. 


3-4. 


Design  Equations  for  Tetrode  or  Pentode  Amplifiers  at  Low  Frequencies 


a.  Grounded  Cathode  Pentode  or  Tetrode  Amplifier 

When  the  plate  circuit  is  tuned  to  resonance  or  at  frequencies  where 
the  load  and  tube  reactances  are  large  compared  to  the  load  resistance,  and 
when  screen  and  suppressor  grids  are  effectively  decoupled  to  the  cathode,  the 
following  equations  are  applicable. 

The  voltage  gain  is: 

GV  = " ^m  ^T  (3-8) 

where 

^ <3-9> 

The  input  impedance  consists  of  two  parallel  components.  The  re- 
active component  is: 

Gin(p)  = Ggk  + (^V  + 1)  Gpg  + G{strays)  (3-10) 

The  resistive  component  is  that  of  the  grid  leak  resistor  R^  which  is 
usually  specified  as  1 megohm  maximum  for  the  type  of  tubes  suitable  for  low 
power  oscillators.  The  output  impedance  is  Rp  in  parallel  with  Cp,  the  capaci- 
tance between  the  plate  and  all  other  electrodes. 

The  power  gain  is: 

R 

GP  = GV  * = ’ RtHB  (3_11) 

In  the  frequency  range  where  these  equations  apply,  the  phase  angle 
between  input  and  output  voltage  is  essentially  180  degrees  when  the  plate  cir- 
cuit is  tuned  to  resonance. 

b.  Grounded  Grid  Pentode  or  Tetrode_Amplifier 

When  the  plate  circuit  is  tuned  to  resonance  or  at  frequencies  where 
the  load  and  tube  reactances  are  large  compared  to  the  load  resistance,  and 
when  the  screen  and  suppressor  grids  are  effectively  decoupled  to  the  cathode, 
the  following  equations  are  applicable: 


The  voltage  gain  is: 


GV  = % <3“12> 

The  input  impedance  consists  of  two  parallel  components.  The  re- 
active component  is: 

cin(p)  = cgk  + c(strays)  - (°V  “ 1).cpk  (3-13) 

The  resistive  component  is: 

Rta(p)  - it  <3-14) 

The  output  impedance  is  Rp  in  parallel  with  Cp.  The  power  gain  is: 
R* 

Gp  ~ Gv  • 5^  = Sm  RT  • Sin  <3-15> 

3r 5 . GROUNDED  GRID  TRIODES  AT  HIGH  FREQUENCIES 

At  frequencies  above  25  MC  where  only  series  resonance  crystal  units 
are  available,  the  grounded  grid  triode  amplifier  configuration  results  in  a sim- 
ple oscillator  circuit.  Measurements  made  on  grounded  grid  triode  tuned  ampli- 
fiers indicate  that  the  low-frequency  design  equations  given  previously  are  rea- 
sonably accurate  up  to  200  MC,  provided  that  suitable  high-frequency  tubes  are 
selected  and  certain  allowances  are  made.  It  is  found  that  at  frequencies  above, 
say,  50  MC,  the  amplifier  behaves  as  if  the  plate  resistance  of  the  tube  is  lower 
than  would  be  expected  from  the  low-frequency  values  usually  given  by  the  manu- 
facturer. If  the  amplification  factor  is  regarded  as  remaining  equal  to  that  at 
low  frequencies,  the  gm  is  effectively  increased.  This  results  in  the  amplifier 
voltage  gain  for  a given  total  load  resistance  being  greater  than  that  calculated 
and  the  amplifier  input  resistance  being  less  than  that  calculated.  An  example 
of  this  is  the  8058  triode  at  200  MC. 

For  a plate  voltage  of  85  VDC  and  a plate  current  of  10  MA,  the  data 
sheet  gives  U = 70,  Rp  « 6 K,  and  gm  « 12  MA/V.  The  short  circuit  input  resis- 
tance should  therefore  be  approximately  85  ohms.  Actual  measurement  of  the 
cathode  input  resistance  with  the  plate  AC  short-circuited  on  a tube  of  this  type 
at  200  MC  gives  a value  of  52  ohms  which,  if  U remains  constant,  gives  Rp  & 3.7 
K.  Similarly,  the  calculated  amplifier  voltage  gain  for  a total  load  resistance 
of  2 K is  17.5  for  the  quoted  biasing  conditions,  while  measurement  gave  a volt- 
age gain  of  30  which,  if  U remains  constant,  indicates  an  Rp  of  approximately 
2.7  K.  The  two  values  of  Rp  derived  from  measurements  do  not  correlate,  and 
it  is  obvious  that  the  behavior  is  more  complex  than  that  attributable  to  a change 


in  Rp.  Nevertheless,  this  simple  concept  does  aid  in  understanding  the  ampli- 
fier behavior  at  high  frequencies.  At  lower  frequencies  the  effect  is  less  severe 
and  should  be  negligible  below  75  MC  for  all  high-frequency  triodes. 

The  input  reactance  of  high-frequency  grounded  grid  triodes  with  the 
plate  load  tuned  to  resonance  appears  to  be  negligible  compared  to  the  resistive 
component.  The  input  impedance  can  therefore  be  considered  as  being  essen- 
tially resistive. 

3-6.  TRANSISTOR  AMPLIFIERS 

NOTE:  This  handbook  is  concerned  with  crystal  oscillators 

operating  over  the  temperature  range  of  -55°C  to 
+ 105°C.  The  latter  limit  automatically  rules  out  the 
use  of  germanium  transistors  and,  consequently,  the 
following  discussion  centers  upon  the  use  of  silicon 
transistors.  How'ever,  apart  from  the  difference  in 
dissipation  ratings  and  the  less  stable  biasing  char- 
acteristics of  the  germanium  transistor,  the  operat- 
ing characteristics  of  both  are  essentially  similar 
and  the  following  discussion  should  be  applicable  to 
either  type. 

At  frequencies  less  than  a few  megacycles,  provided  that  suitably  chosen 
transistors  are  used,  the  gain  and  input  impedance  of  transistor  amplifiers  can 
be  estimated  using  a simple  equivalent  circuit.  At  frequencies  above  a few  mega- 
cycles, however,  the  characteristics  of  a transistor  amplifier  become  increas- 
ingly complex.  Even  very  high  frequency  transistors  having  alpha  cutoff  fre- 
quencies in  excess  of  1 KMC  have  marked  input  impedance  phase  angles  above 
10  MC,  At  these  higher  frequencies,  then,  there  is  no  alternative  but  to  accept 
and  make  use  of  the  transistor  in  its  more  complicated  mode  of  operation.  How- 
ever, below  a few'  megacycles  it  is  always  possible  by  a suitable  choice  of  tran- 
sistor type  to  design  an  amplifier  having  essentially  resistive  characteristics. 

Consideration  of  transistor  amplifier  behavior  shows  that  three  distinct 
categories  exist  in  the  frequency  range  up  to  200  MC.  These  are: 

(a)  Amplifiers  in  the  frequency  range  up  to,  say,  100  KC.  In  this 
frequency  range,  virtually  all  of  the  more  recent  low-power 
dissipation  transistors  exhibit  essentially  resistive  charac- 
teristics. 

(b)  Amplifiers  in  the  frequency  range  up  to  5 MC.  In  general, 
above  100  KC  the  general  purpose  type  transistors  exhibit 


complex  frequency  dependent  characteristics.  It  is  therefore 
advisable  to  use  high-frequency  transistor  types  characterized 
by  gain-bandwidth  products  exceeding  100  MC  in  the  frequency 
range  from,  say,  100  KC  to  a few  megacycles.  No  price 
penalty  is  paid  in  doing  this,  and  the  advantage  of  an  essentially 
resistive  amplifier  circuit  described  by  simple  equations  is 
obtained.  These  types  of  transistors  are,  of  course,  equally 
applicable  at  frequencies  below  100  KC. 


(c)  Amplifiers  in  the  frequency  range  from  5 MC  to  200  MC.  In 
this  frequency  range,  only  the  high-frequency  type  transistors 
with  gain-bandwidth  products  in  excess  of  200  MC  are  suitable 
for  consideration.  Cost  is  likely  to  be  the  determining  factor 
here  in  the  selection  of  a transistor  type.  In  general,  the 
higher  cost  transistors  will  be  less  frequency  dependent  to  a 
higher  frequency,  since  cost  and  gain -bandwidth  product  tend 
to  increase  in  step. 

The  following  discussion  is  arranged  in  the  three  categories  described 
in  (a),  (b),  and  (c). 

3-7.  Transistor  Amplifiers  at  Frequencies  Below  100  KC 


Virtually  all  recently  introduced  small-signal  transistors  have  common- 
emitter  current-gain  cutoff  frequencies  in  excess  of  100  KC  and  behave  as  essen 
tially  resistive  devices  below  this  frequency.  Consequently,  practically  any 
small-signal  general-purpose  transistor  is  suitable  for  use  in  oscillator  designs 
in  this  frequency  range.  For  these  types  of  transistor,  the  manufacturer’s  data 
sheets  most  frequently  quote  the  "h,!  or  hybrid  transistor  parameters  which  are 
defined  by  Figure  3-2  and  the  following  equations: 


where 


Vj  - (hx  ■ Ix)  + (hr  . V2)  (3-16) 

I2  = hf  • Ij  + hQ  • V2  (3-17) 

hj  = Input  resistance  at  1,  l'  with  2,2'  short-circuited 

hr  = Reverse  voltage  transfer  ratio  from  2,2'  to  1, 1 ' 
with  terminals  1,  1 ' open-circuited 

hj  = Forward  current  transfer  ratio  from  l,l'  to  2,2' 
with  2,2'  short-circuited 

h0  = Input  resistance  at  2,2'  with  1,1'  open-circuited 
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Figure  3-2.  Transistor  "Black  Box" 


Additional  subscripts  b,  e,  or  c specify  whether  the  parameters  are 
those  for  the  common-base,  common-emitter,  or  common-collector  configura- 
tion, respectively,  For  the  purpose  of  design  calculation,  these  parameters 
may  be  regarded  as  purely  resistive  in  the  frequency  range  under  discussion.  , 
The  base-emitter  and  base-collector  capacitances  have  only  a limited  effect 
which  can  be  remedied  if  necessary  during  the  experimental  stage  of  the  oscil- 
lator design. 

The  transistor  data  sheets  usually  give  typical  values  of  these  param- 
eters in  the  grounded  base  configuration  at  a particular  value  of  DC  emitter  or 
collector  current,  and  for  a particular  value  of  DC  voltage  between  collector- 
base  or  collector-emitter.  In  addition,  graphs  are  given  showing  the  change  of 
the  parameter  values  with  emitter  or  collector  current,  collector-base  or  col- 
lector-emitter voltage,  and  with  temperature.  By  using  these  graphs  and  the 
quoted  typical  parameter  values,  it  is  possible  to  estimate  the  typical  parameter 
values  over  a wide  range  of  current,  voltage,  and  temperature. 


The  data  sheets  also  usually  specify  the  maximum  and  minimum  values 
of  hfe,  the  common-emitter  current  gain,  and  frequently  include  this  and  the 
term  (1  + hfj-,)  in  the  graphical  information.  For  a given  transistor  type,  the 
range  of  hfe  between  minimum  and  maximum  values  is  typically  3:1,  and  com- 
parable variations  of  h^,  hp^,  an'd  h^  can  be  expected. 


3-8.  Power  Gain,  Input  and  Output  Resistance 


The  formulae  for  power  gain,  input  resistance,  and  output  resistance  of 
a transistor  in  terms  of  the  "h"  parameters  are: 


GP  = 


hf  • Rrj, 


(1  + h0  • Rt)  [\  + (hi  . hQ  - hf  ■ hp)  R^ 
where  R^  = total  load  resistance 

hr  , hf  . Rrp 


(3-18) 


Rjn  = hi  - 
in  1 1 + h^  . Rn 


(3-19) 
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(3-20) 


i G 

Ro  “ hi  • hQ  - hf  • hr  + h0  • Rg 
where  Rq  = driving  source  resistance.  The  voltage  gain  is: 

h^  • Rrp 

GV  hj  (1  + h0  • Rt)  - hf  ■ hr  • Rt 
3-9.  Common-Base  to  Common-Emitter  'h'  Parameter  Conversions 


The  transistor  data  sheets  normally  give  the  common-base  parameters. 
To  convert  these  to  the  common-emitter  parameters,  the  following  formulae 
are  used: 


hib 

hib 

(3-22) 

1 + Ab  + hfk  - 

hrb 

1 + hfb 

Ab  - hrb 

Ab  - hrb 

(3-23) 

1 + Ab  + hfk  - 

hrb 

1 + hfb 

(hfl,  + Ab) 

"hfb 

(3-24) 

1 + Ab  + hfh  - 

hrb  ~ 

1 + hfb 

bob 

« 

bQb 

(3-25) 

1 + Ab  + hfb  - hrb  1 + hflj 


where 

Ab  = hjk  * hob  - hrb  ■ hfj-. 


(3-26) 


The  approximate  formulae  indicate  the  dependence  of  the  common-emitter 
parameters  on  the  term  (1  + h^).  The  value  of  h^  is  within  a few  percent  of 
-1.  Consequently,  when  converting  the  parameters,  small  changes  in  the 
assumed  value  can  radically  affect  the  values  obtained.  Therefore,  the  power 
gain  and  impedance  level  calculations  should  only  be  regarded  as  indicative  of 
the  actual  performance  of  the  transistor,  and  experimental  checks  are  desirable. 


3-10.  Typical  Transistor  Amplifier  Operating  Characteristics 

The  typical  operating  characteristics  of  small  signal  transistor  ampli- 
fiers' suitable  for  low-frequency  oscillator  service  are: 


69 


a.  Common-Base  Amplifier 

Gp  = Up  to  30  to  35  DB,  depending  on  the  degree  of  output 
matching 

R|n  - 30  to  150  ohms,  depending  on  the  total  load  resistance 
Rq  - 100  K to  2 MEGO,  depending  on  the  value  of  Rq 

b.  Common-Emitter  Amplifier 

Gp  = Up  to  45  DB,  depending  on  the  degree  of  output 
matching 

Rin  = 500  ohms  to  5 K,  depending  on  the  total  load  resistance 
Rq  = 10  K to  100  K,  depending  on  the  value  of  Rq 
3-11.  Simplifications  of  Gp,  Rjn,  and  Rq  Formulae 


Various  simplifications  of  these  formulae  can  be  made  under  certain 
conditions.  If: 


and 


(3-27) 

(3-28) 

(3-29) 


R, 


in 


^i 


(3-30) 


These  equations  are  usually  applicable  when  R/p  £ 60  K for  common-base 
operation  and  R-p  =£  5 K for  common- emitter  operation.  Also,  if: 


Rg  » ht 


(3-31) 


then 


(3-32) 


Equation  (3-31)  is  usually  applicable  when  Rq  >1  K for  common-base  operation 
and  Rq  >15  K for  common-emitter  operation. 


3-12.  Background  Information  on  High-Frequency  Transistors 

The  behavior  of  high-frequency  transistor  amplifiers  is  greatly  influenced 
by  the  delay  experienced  by  the  signal  in  passing  across  the  transistor  junctions, 
and  the  feedback  between  output  and  input  via  the  parasitic  reactive  elements 
associated  with  the  semiconductor  structure,  the  lead  attachments,  and  the  case. 
The  criteria  generally  employed  in  judging  the  relative  merits  of  high-frequency 
transistors  are: 

(a)  The  gain -bandwidth  product  f-p.  This  quantity  typifies  the  be- 
havior of  the  common-emitter  short-circuit  current  gain  hfe. 

It  is  found  that  above  a certain  frequency  the  product  of  hfe  and 
test  frequency  remains  relatively  constant.  That  is,  hje  de- 
creases with  an  approximately  6 DB  per  octave  slope  as  shown 
in  Figure  3-3.  The  value  of  f^,  quoted  in  the  transistor  data 
sheet  therefore  enables  an  estimate  to  be  made  of  the  hfe  at  any 
frequency  in  the  range  above  fo,  the  cutoff  frequency  where  the 
slope  commences.  Below  f^  the  low-frequency  current  gain 
hjrg  applies. 

(b)  Another  quantity  usually  specified  is  the  matched  power  gain  at 
some  high  frequency,  frequently  either  200  or  500  MC,  when 
the  internal  feedback  within  the  transistor  is  completely  can- 
celled (unilateralized)  by  equal  and  opposite  external  feedback. 
Above  a certain  frequency  the  unilateralized  matched  power 
gain  also  decreases  with  frequency  of  operation.  Until  recently 
this  decrease  was  also  considered  to  have  a 6 DB  per  octave 
slope  as  shown  in  Figure  3-3,  and  often  the  frequency  at  which 
the  unilateralized  power  gain  equalled  1 (termed  f0sc)  was  used 
as  a figure  of  merit.  This  method  of  specification  now  appears 
to  have  fallen  into  disuse,  presumably  because  of  the  inaccu- 
racies involved.  Matched  power  gains  of  from  8 to  20  DB  at 

200  MC  are  typical.  Power  gain  and  fq>  tend  to  increase  approxi- 
mately in  step. 

(c)  The  value  of  C0b,  the  capacitance  measured  between  collector 
and  base  with  the  emitter  open-circuited  and  a reverse-bias 
voltage  on  the  collector-base  junction.  This  capacitance  con- 
sists of  two  components:  The  stray  capacitance  associated  with 
the  leads  and  case,  and  that  occurring  at  the  semiconductor 
junction.  The  latter  is  an  inverse  function  of  the  reverse-bias 
voltage  applied  to  the  collector-base  junction  and,  consequently, 
the  bias  voltage  must  be  specified  for  the  stated  value  of  Cob 

to  be  meaningful. 
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Figure  3-3.  Characteristics  of  a Unilateralized  High-Frequency  Transistor 


C0b  anc*  *T  an  inverse  relationship;  a transistor  having 

an  frp  of  100  MC  is  likely  to  have  a C^,,  at  equals  10  V, 
of  from  5 to  10  PF;  an  "intermediate"  transistor  with  an  f-p  of 
300  MC  generally  has  a C0b,  at  Vcb  equals  10  V,  of  from  3 to 
6 PF;  while  for  the  same  bias  conditions,  the  Cq^  of  a transis- 
tor having  an  frp  of  800  MC  will  be  from  1 to  3 PF.  In  this 
latter  case  the  stray  capacitance  forms  a large  part  of  the  total, 
and  the  collector  is  usually  not  connected  to  the  case  in  an  effort 
to  further  reduce  the  strays.  A fourth  lead  is  then  brought  out 
from  the  transistor  for  the  purpose  of  grounding  the  case. 

(d)  Another  useful  figure  of  merit,  which  is  usually  not  specified, 
is  the  alpha  cutoff  frequency  t#.  This  is  the  frequency  at  which- 
the  common-base  short-circuit  current  gain  is  3 DB  down  rela- 
tive to  its  low-frequency  value  a0.  is  loosely  related  to  f^, 
having  a value  of  from  1. 3 to  1.8  fT. 

The  performance  characteristics  shown  in  Figure  3-3  are  representative 
of  the  amplifier  characteristics  to  be  expected  from  a transistor  with  an  f-p  of 
about  500  MC. 

The  power  gain  of  a transistor  amplifier  not  employing  unilateralization 
can  be  greater  than  or  smaller  than  that  of  a unilateralized  amplifier.  In  cer- 
tain frequency  ranges  the  transistor  internal  feedback  is  positive,  increasing 
the  parallel  resistive  component  of  the  input  impedance  and  resulting  in  an  en- 
hanced amplifier  power  gain.  At  other  frequencies  the  internal  feedback  is 
negative,  causing  a decrease  in  the  parallel  resistive  component  of  the  input 
impedance  and  hence  a reduction  in  the  amplifier  power  gain.  The  positive  feed- 
back effect  commences  in  the  frequency  region  where  the  power  gain  cutoff  fre- 
quency occurs,  extends  for  several  octaves  above  this  point,  and  is  then  super- 
seded by  the  degenerative  feedback  effect.  For  common-emitter  transistor 
amplifiers,  the  positive  feedback  effect  commences- in  the  5 to  30  MC  region3 
depending  on  transistor  characteristics,  and  extends  in  frequency  up  to,  say, 

30  to  150  MC.  Over  the  greater  part  of  this  frequency  range,  the  transistor 
internal  feedback  is  sufficient  to  cause  oscillation  when  the  input  termination  is 
suitable  and  the  collector  load  resistance  is  sufficiently  high. 

For  common-base  amplifiers  the  positive  feedback  effect  commences  in 
the  20  to  100  MC  region,  depending  on  transistor  characteristics,  and  extends 
in  frequency  up  to,  say,  100  MC  to  1 KMC.  Again,  over  the  greater  part  of  this 
frequency  range,  oscillation  is  possible  when  the  terminating  impedance  levels 
are  appropriate. 

Above  the  quoted  frequency  ranges , the  degenerative  effects  take  over 
and  the  power  gain  falls  below  that  of  a unilateralized  amplifier.  In  crystal 


73 


oscillator  design,  this  inherent  regeneration  is  a mixed  blessing.  To  a certain 
extent  its  effects  are  beneficial,  since  it  changes  the  amplifier  characteristics 
in  a desirable  manner,  from  the  oscillator  circuit  viewpoint.  However,  too 
much  regeneration  creates  other  undesirable  effects,  and  since  it  appears  im- 
practical to  calculate  the  amount  of  regeneration  occurring,  the  permissible 
amount  has  to  be  determined  experimentally,  thereby  complicating  the  design 
procedure. 


3-13.  Transistor  Equivalent  Circuit 

It  does  not  appear  possible  to  construct  a simple  equivalent  circuit  which 
adequately  describes  the  performance  of  a transistor  amplifier  at  frequencies 
above  a few  megacycles.  Above  this  frequency  range,  the  voltage  gain  and  input 
impedance  of  both  common-base  and  common-emitter  tuned  amplifiers  vary 
considerably  with  frequency  of  operation  in  a manner  which  does  not  appear 
amenable  to  simple  analysis. 


Below  a frequency  of  5 to  20  MC,  depending  on  the  high-frequency  quali- 
ties of  the  transistor  and  the  amplifier  configuration,  the  frequency  dependence 
is  smaller,  and  adequate  performance  estimations  can  be  made  based  on  the 
equivalent  circuits  shown  in  Figure  3-4.  Figure  3-4  (a)  is  the  common-base 
equivalent  circuit  which  is  based  on  the  behavior  of  the  common-base  short- 
circuit  current  gain  (h^  ora)  at  frequencies  in  the  vicinity  of  the  alpha  cutoff 
frequency  i^.  Apparently  the  common-base  short-circuit  current-gain-frequency 
characteristics  of  a transistor  are  analogous  to  those  of  a transmission  line. 

| a[  closely  approximates  the  response  of  a network  having  a simple  pole  at  i^,, 
while  the  phase  angle  between  input  and  output  current  exceeds  that  of  a simple 
pole  by  a large  amount.  For  the  frequency  range  below  the  alpha  cutoff  fre- 
quency the  behavior  can  be  adequately  approximated  by  the  equation: 


OLc 


e',mS 


f 


fb 


1 + i£ 


(3-33) 


where  the  term  e-jm  fa  accounts  for  the  phase  angle  lag  that  occurs  in  the  tran- 
sistor in  excess  of  that  given  by  the  simple  pole  (1  + j J-)-!  In  present  day  high- 
frequency  transistors,  this  excess  phase  angle  at lies  in  the  range  of  20  to  50 
degrees,  giving  values  for  m of  from  0.35  to  0.9. 


The  other  components  of  the  circuit  are  as  follows: 


(a)  Ccb'  is  the  capacitance  associated  with  the  collector-base  junc- 
tion and  is  approximately  equal  to  (C^  - 1 PF). 


O 
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Figure  3-4.  High-Frequency  Transistor  Equivalent  Circuits 


(b)  r^'  is  the  resistance  of  the  semiconductor  material  between 
the  base  connection  (extrinsic  base  b)  and  the  active  region  of 
the  base  (intrinsic  base  b')  of  the  transistor.  Typically,  the 
value  of  rbb'  lies  between  30  and  100  ohms  for  all  high-fre- 
quency transistors,  and  is  assumed  to  be  constant,  independent 
of  bias  levels  and  frequency. 

(c)  re  is  the  sum  of  the  dynamic  resistance  associated  with  the 
forward-biased  emitter-base  junction  and  the  ohmic  resistance 
r'  of  the  emitter  semiconductor  material  between  the  emitter 
connection  and  the  active  region  of  the  junction.  The  dynamic 
resistance  rf  is  given  by  the  equation: 

= r-  (3-34) 

lE 

where  Ig  is  the  DC  emitter  current  in  MA. 

Therefore: 

re  = + r'  (3-35) 

Judging  from  measurements  made  on  several  types  of  transis- 
tor, r'  typically  has  a value  of  1 ohm  and  therefore  has  little 
influence  on  re  at  emitter  current  levels  of  less  than  3 MA,but 
can  have  a major  bearing  on  re  at  high  current  levels. 

(d)  Cb'e  is  the  capacitance  associated  with  the  emitter-base  junc- 
tion, and  its  value  is  an  inverse  function  of  emitter  current. 


Therefore,  the  time  constant  C^'e  * re  tends  to  hold  relatively 
constant  as  1^  is  varied,  particularly  at  low  emitter  current 
levels  where  the  effect  of  the  ohmic  emitter  resistance  is  small. 
The  value  of  C^'g  is  determined  from  the  current  gain  behavior 
of  a common-emitter  amplifier  and  is  subsequently  derived  when 
that  equivalent  circuit  is  considered. 

(e)  Rq  is  the  dynamic  resistance  of  the  reverse-biased  collector- 
base  junction.  An  estimation  of  Rq  for  a particular  transistor 
type  can  be  obtained  from  the  common-emitter  collector  cur- 
rent-collector  voltage  curves  frequently  given  in  the  data  sheets. 
These  curves  are  obtained  with  the  base  essentially  open-cir- 
cuited (constant  base  current)  and  therefore  the  slope  of  the 
curves  at  any  given  working  point  is  approximately  equal  to 
RD  (1  _ ao)?  which  is  in  turn  approximately  equal  to  RD/hFE- 
Reference  to  a set  of  these  curves  shows  that  Re  is  a function 
of  both  collector  current  and  voltage,  decreasing  with  increas- 
ing collector  current  and  voltage.  (Care  should  be  taken  using 
this  interpretation  in  the  region  immediately  below  the  collector- 
emitter  breakdown  voltage  BVceOj  where  the  slope  of  the  curves 
increases  drastically.  hpE  also  increases  rapidly  in  this  re- 
gion, and  Re  remains  essentially  constant.) 

The  common-emitter  equivalent  circuit  shown  in  Figure  3-4  (b)  is  de- 
rived from  the  common-base  circuit  of  Figure  3-4  (a).  R^'g,  the  resistance 
between  the  intrinsic  base  and  emitter,  is  related  to  the  re  of  the  common-base 
circuit  by  the  equation: 

Ve  = <3-36> 

1 -“o 


gm  is  also  related  to  rg  by  the  equation: 


g - 
m re 


(3-37) 


0!0  is  very  nearly  1 and,  since  re  can  be  less  than  2 ohms  under  heavy  bias  con- 
ditions, a gm  of  several  hundred  MA/Volt  is  attainable.  The  value  of  C^'g  is 
obtained  in  terms  of  re  and  f-y  by  equating  the  short-circuit  current  gain  of  the 
common-emitter  equivalent  circuit  to  1.  If  the  transmission  through  Cg^'  is 
neglected,  the  value  of  C^'g  obtained  is: 


<Ve 


(3-38) 


- <5 
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where 


(3-39) 


iL'rp  - 2 7T  f'p 

rbb ' ; Rj})  and  Ccb'  are  the  same  elements  as  those  in  the  common-base  circuit. 

Both  of  these  equivalent  circuits  are  based  on,  and  adequately  portray, 
the  short-circuit  current  gain  of  the  transistor  as  functions  of  frequency.  In 
this  condition  the  feedback  effects  governing  operation  are  those  due  to  the  com- 
mon coupling  element  between  input  and  output  circuits.  In  the  common-base 
circuit  this  is  the  component  r^,;  in  the  common-emitter  circuit  it  consists  of 
Rb'e  and  Cb'e  in  parallel.  In  both  cases,  the  voltage  sensitive  feedback  is 
assumed  to  have  a negligible  effect  and  the  presence  of  Ccb'  in  the  equivalent 
circuits  is  merely  a token  acknowledgement  that  voltage  sensitive  feedback  occurs. 

^ In  attempting  to  apply  these  equivalent  circuits  to  oscillator  design,  tuned 
amplifier  voltage  gain  and  input  impedance  equations  were  derived  for  the  cir- 
cuits of  Figure  3-4  and  compared  with  experimental  results.  It  was  found  that 
at  frequencies  below,  say,  2 MC,  a satisfactory  degree  of  agreement  was  ob- 
tained for  operating  conditions  likely  to  be  employed  in  oscillator  design.  Above 
this  frequency  the  agreement  between  calculated  and  measured  voltage  gains 
gradually  decreased,  while  the  actual  amplifier  input  impedance  varied  drasti- 
cally from  that  calculated  for  all  but  small  amplifier  total  load  resistances. 

Under  short-circuited  output  conditions,  good  agreement  was  reached 
between  calculated  and  measured  input  impedance.  The  disagreement  appears 
to  be  due  to  the  inadequate  specification  by  the  circuit  of  Figure  3-4  of  the  volt- 
age sensitive  feedback  between  the  collector  and  the  intrinsic  base  and  extrin- 
sic base  of  the  transistor.  The  equations  derived  from  Figure  3-4(b)  fail  to  pre- 
dict the  onset  of  positive  feedback  within  the  amplifier  which  causes  the  actual 
parallel  input  resistance  to  increase  for  amplifier  loads  above  a certain  value, 
whereas  the  equation  predicts  a continuous  decrease  of  the  parallel  input  resist- 
ance as  the  amplifier  load  is  increased. 

The  voltage  gain  of  a tuned  transistor  amplifier  decreases  as  a function 
of  frequency  above  a certain  frequency  fy,  which  is  a function  of  both  transistor 
biasing  conditions  and  amplifier  load  resistance.  The  disagreement  between  the 
measured  and  calculated  amplifier  voltage  gains  is  primarily  due  to  the  difference 
in  slopes;  the  voltage  gain  equation  predicting  a 20  DB  per  decade  gain  reduction, 
while  measurements  indicate  a slope  of  from  12  to  16  DB  per  decade,  depending 
on  transistor  type. 

It  is  possible  that  the  agreement  could  be  improved  by  adding  additional 
components  to  the  equivalent  circuit  of  Figure  3-4.  However,  the  equations 
derived  from  Figure  3-4  are  relatively  complex  and  entail  a rather  lengthy  cal- 
culation which  makes  their  usefulness  doubtful.  Adding  more  components  would 
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increase  the  complexity  of  the  equations  and  result  in  an  undesirably  lengthy 
calculation.  This  can  be  circumvented  by  combining  low-frequency  voltage  gain 
calculations  and  short-circuit  input  impedance  calculations  with  measured  data 
to  be  subsequently  introduced. 

The  formulae  for  voltage  gain  and  short-circuit, input  impedance  for  the 
circuits  of  Figure  3-4  at  frequencies  below  the  voltage  gain  cutoff  frequency  are: 

a.  Common-Base  Amplifier 


Voltage  gain: 
G. 


% ' 


V°  r^+  r-fab'  (1  - a0)  + (rbb'  + re)  ^ 


Rd 


Short-circuit  series-input  resistance: 

Hr- 

Rin(s)  = re  + ^b'  (1  - oto)  + rbb'  • — 

Rd 

Short-circuit  series -input  inductance: 

XL(s)  = rbb'  * X~7 

b.  Common-Emitter  Amplifier 
Voltage  gain: 


°Vo  = 


gm  * ^'e  * RT 


Rb'e  + ^bb'  + <rbb'  + re) 


Rn 


rD  " aQ) 


(3-40) 


(3-41) 


(3-42) 


(3-43) 


Substitution  for  gm  and  R^'g  shows  (as  it  should)  that  I Gy  I is 
identical  for  common-base  and  common-emitter  amplifiers.  0 


Short-circuit  parallel-input  resistance: 

\2 


Rin(p)  - (rbb'  + Ve) 


1 + 


VXC(P)/ 


Ve  * r 


1 + 


XC(P) 


(3-44) 
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Short-circuit  parallel- input  capacitance: 
Cin(p)  ■= 


where:  r = 

and 

XC(P)  = 

3-14.  Experimentally  Derived  Transistor  Amplifier  Performance  Data 

The  following  data  was  obtained  in  the  circuits  shown  in  Figure  3-5(a)  and 
(b)  for  common-base  and  common-emitter  amplifiers,  respectively.  The  two- 
voltage  supply  circuit  of  Figure  3-5(a),  which  allows  a true  grounding  of  the  base 
lead,  was  used  for  the  common-base  amplifier  tests  to  prevent  decoupling  prob- 
lems in  the  base  connection  to  ground.  Similarly,  in  the  common-emitter  cir- 
cuit the  emitter  lead  was  directly  grounded  to  avoid  emitter  decoupling  problems, 
and  the  base  current  was  derived  from  a second  voltage  source  through  a high- 
value  resistance  to  make  the  input  impedance  component  due  to  R^  negligible. 

The  circuits  were  constructed  to  mount  directly  on  the  RX  Meter  ground 
terminal  for  input  impedance  measurements,  and  the  input  coupling  capacitors 
used  at  the  various  test  frequencies  were  selected  to  have  negligible  effect  on  the 
input  impedance  measurements;  a condition  verified  experimentally.  In  the 
common-base  circuit,  the  transistor  parallel  input  resistive  component  is  fre- 
quently less  than  15  ohms.  This  is  the  minimum  measuring  limit  of  the  RX  Meter, 
and  a known  impedance  must  be  placed  in  series  with  the  transistor  input  to  bring 
the  total  impedance  to  a measurable  level.  The  transistor  input  resistance  is  then 
obtained  by  calculation.  In  this  case  the  coupling  capacitor  was  chosen  to  cancel 
the  inductive  reactance  of  the  low-value  resistance  used  as  the  series  element, 
thereby  simplifying  the  calculation. 

In  the  common-emitter  circuit,  the  parallel-input  capacitance  is  fre- 
quently larger  than  27  PF,  the  largest  value  directly  measurable  by  the  RX 
Meter.  Known  values  of  inductance  were  then  placed  across  the  RX  Meter  ter- 
minals to  allow  measurements  to  be  made  and  the  parallel-input  capacitance 
then  derived  by  calculation.  The  RX  Meter  used  for  input  impedance  measure- 
ments was  modified  to  reduce  the  output  terminal  voltage  to  10  MV  or  less  to 
ensure  linear  amplifier  operation. 

Measurements  were  made  on  groups  of  five  types  of  transistors  having 
typical  gain  bandwidth  products  of  from  300  MC  to  1 KMC.  Although  transistors 


+ C . ,) 


Bb' 


be  ob  \Rb'e  + IW 

rbb'  • -Ve 
W + Bb'e 

1 


1 + 


XC(P)J 


ce  (Cb'e  + ^°b  ‘ ) 


(3-45) 

(3-46) 

(3-47) 
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(a)  Common-Base  Amplifier  Voltage  Gain  and  Input 
Impedance  Test  Circuit 


TP1072-24  Impedance  Test  Circuit 

Figure  3-5.  Common-Base  and  Common-Emitter  Amplifier  Circuits 

having  fj's  at  the  high  end  of  this  range  are  relatively  costly  at  this  time,  their 
cost  appears  likely  to  decrease  substantially  in  the  near  future.  When,  and  if, 
this  occurs,  the  improved  performance  characteristics  will  in  many  cases  make 
their  use  desirable  in  this  type  of  oscillator  at  frequencies  above  a few  mega- 
cycles. Both  voltage  gain  and  input  impedance  measurements  were  made  with 
the  output  voltage  tuned  to  maximum . 

3-15.  Voltage  Gain  Measurements 

The  voltage  gain  of  common-base  and  common-emitter  amplifiers  is 
essentially  the  same,  and  the  following  is  applicable  to  either  configuration.  All 
the  transistors  measured  showed  the  same  general  behavior  with  frequency.  At 
low  frequencies  the  tuned  voltage  gain  is  independent  of  frequency  and  is  prima- 
rily a function  of  emitter  current,  total  collector  load  resistance,  and  the  value 
of  Rj>  At  higher  frequencies  the  tuned  voltage  gain  falls  at  a rate  of  between  12 
and  16  DB  per  decade  virtually  independently  of  total  collector  load  resistance 
or  emitter  current.  The  cutoff  frequency  fy  at  which  the  slope  commences  is  a 
function  of  load  resistance,  emitter  current,  and  transistor  type. 
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Figures  3-6,  3-7,  and  3-8  show  the  typical  voltage  gain  as  a function  of 
frequency  for  the  various  transistor  types.  Each  of  these  plots  was  derived 
from  measurements  taken  on  a number  of  transistors.  The  variation  between 
units  of  a given  type  was  in  general  found  to  be  small;  the  gain  spread  at  volt- 
age gain  levels  of  40  DB  being  ±2  DB,  decreasing  to  less  than  ±1  DB  at  typical 
voltage  gains  of  25  DB.  Occasionally,  however,  transistors  are  found  that 
deviate  appreciably  from  the  norm.  In  some  cases,  this  appears  to  be  due  to 
an  unusually  high  value  of  ohmic  emitter  resistance,  affecting  the  low  frequency 
gain  drastically  but  having  little  effect  at  high  frequencies.  In  other  cases,  C0j-, 
appears  to  be  abnormally  high,  resulting  in  negligible  effect  at  low  frequencies 
but  causing  a severe  reduction  of  voltage  gain  at  high  frequency.  This  behavior 
appears  to  be  exceptional,  however,  and  the  spread  between  individual  units  of 
a particular  type  is  probably  no  greater  than  that  found  in  vacuum  tubes. 


FREQUENCY  (MC) 

TPI072-25 

Figure  3-6.  2N706A  Tuned  Amplifier  Voltage  Gain  as  a Function  of  Frequency 


3-16.  Voltage  Gain  Behavior  at  Frequencies  Below  fy 

At  low  emitter  currents  in  this  frequency  region,  the  differences  in  volt- 
age gain  of  all  the  transistors  tested  was  small.  As  shown  in  Table  3-1,  at  a 
frequency  of  100  KC  and  an  emitter  current  of  3 MA,  the  variation  in  voltage 
gain  for  all  types  was,  with  two  exceptions,  within  ±1.5  DB  (±20%)  for  collector 
loads  of  200  ohms  and  1 K.  Increasing  the  emitter  current  to  10  MA  causes  an 


TABLE  3-1.  VOLTAGE  GAIN  AT  100  KC 


* Denotes  exceptional  units 


increase  in  the  spread  to  ±5  and  ±7  DB  for  200 -ohm  and  1-K  collector  loads, 
respectively.  However,  the  total  spread  between  individual  units  of  a given  type 
is  less  than  ±2.5  DB  and  typically  less  than  ±1.5  DB.  A further  increase  of 
emitter  current  to  30  MA  results  in  wide  variations  of  voltage  gain  between  the 
various  transistor  types.  But  here  again,  as  'in  the  preceding  case,  the  typical 
spread  within  a given  type  is  less  than  ±2  DB. 

The  variation  in  voltage  gain  between  transistors  for  a load  of  200  ohms 
is  primarily  due  to  the  differences  in  the  hFE's  and  the  emitter  ohmic  resistance 
values,  since  for  this  load  will  have  a negligible  effect.  It  is  therefore  pos- 
sible to  estimate  the  values  of  re  + rbb'  (1  -o^ ) by  comparing  Equation  (3-48) 
with  the  actual  voltage  gains  given  in  Table  3-1.  The  voltage  gain  expression, 
when  Rd  is  assumed  infinite,  is: 

% 

GV  = ‘'e+'W  <!-<%)  (3'48) 


Substituting  Rt  equals  200  ohms,  assuming  a typical  value  for  Oo,  and  equating 
Equation  (3-48)  to  the  typical  value  of  voltage  gain  given  in  Table  3-1,  gives  the 
values  of  re  + rbb'  (1  - c^)  shown  in  Table  3-2.  The  values  of  rf,  the  dynamic 
resistance  of  the  emitter-base  junction,  are  also  included  in  Table  3-2  for  com- 
parison. Relating  the  values  of  the  re  + rbb'  (1  - CKo)  to  r€  shows  that  the  follow- 
ing breakdown  gives  a satisfactory  distribution  of  the  excess  resistance: 

2N2219  : r'^  0.3  ohm,  r^b'  (1  - Cb)*«  0-3  ohm,  r^b'^^Oohms 
2N706A  : r'«0  , rb^'  (1  - Oq)  w 1.4  ohms,  rbb'^SOohms 

2N709  ~) 

2N917  \ : r' « 1.  5 ohms,rbb'  (1  _ « 0- 7 ohm,  rbbr  « 60  ohms 

2N2708 J 


TABLE  3-2.  DERIVED  VALUES  OF  re  + rbbr  (1  - 0^) 


Transistor  Type 

re 

+ rbb' t1  ‘ °b)  (ohms) 

Ie  = 3MA 

Ie  = 10MA 

Ie  = 30MA 

2N2219 

8.0 

3.2 

1.4 

2N706A 

10 

4 

2.2 

2N709 

10 

4.5 

3.2 

2N917 

10 

4.5 

- 

2N2708 

10 

5.0 

- 

rc 

8.3 

2.5 

0.83 

84 


These  experimentally  derived  values  of  r’  and  r^1  suggest  that,  when 
considering  other  comparable  transistor  types,  the  emitter-base  junction  and 
base  ohmic  resistances  can  be  assumed  to  have  values  of  about  1 ohm  and  60 
ohms,  respectively. 


The  wide  variations  in  voltage  gain  between  the  transistor  types  at  high 
current  levels  is  probably  due  in  part  to  the  difference  in  the  collector-base 
junction  characteristics.  As  stated  previously,  the  dynamic  resistance  Rp>  of 
the  collector -base  diode  at  any  given  working  point  is  proportional  to  the  slope 
of  the  collector  curves  (frequently  given  in  the  transistor  data  sheets)  divided  by 
hjrjr.  Typical  sets  of  these  curves  are  given  in  Figure  3-9  and  show  that,  at 
collector  currents  of  a few  milliamperes,  the  onset  of  voltage  breakdown  is 
abrupt,  and  its  effects  are  largely  confined  to  a small  region  of  voltages  in  the 
immediate  vicinity  of  the  collector-emitter  breakdown  voltage,  BVcEO-  There- 
fore, for  collector-emitter  voltages  well  below  BVceOj  the  v&lue  of  Rpj  is  high 
and  virtually  uninfluenced  by  the  breakdown  characteristic.  At  higher  collector 
currents  the  onset  of  breakdown  spreads  over  a wider  region,  and  consequently 
its  effects  are  felt  at  lower  collector  voltages.  The  slope  of  the  collector  curves 
at  voltages  well  below  BVceO  is  then  increased  relative  to  that  at  lower  collector 
currents,  causing  a reduction  in  the  value  of  Rp>.  For  a given  transistor  type, 
the  value  of  Rpj,  at  a particular  working  point  Vce  and  Ic>  is  a function  of  hpR, 
the  relative  value  of  Vqe  to  BVqroj  and  any  peculiarities  of  the  collector-base 
diode.  In  view  of  this  complex  relationship,  it  is  therefore  not  surprising  that 
large  differences  in  voltage  gain  occur  at  high  emitter  current  levels. 


Equation  (3-40)  qualitatively  illustrates  the  effect  of  the  decreasing  value 
of  Rp>  with  increasing  emitter  current,  r^h'  is  much  greater  than  re  for  emitter 

Rt 

currents  larger  than  2 MA,  and  consequently  the  term  (r^p'  + re) is  virtually 

Rd 

inversely  proportional  to  Rp)  for  a given  amplifier  load,  Rt-  Also,  re  + rhp,' 

(1  - Oq),  the  remainder  of  the  denominator  term,  decreases  rapidly  with  in- 
creasing emitter  current,  approaching  a terminal  value  of  1 to  3 ohms  for  emit- 
ter currents  in  excess  of  20  MA.  At  high  current  levels,  therefore,  an  (r^1  + 

Rt 

r„)  value  of  a few  ohms  will  have  an  appreciable  effect  on  the  amplifier  volt- 
e Rp) 

age  gam,  while  at  low  current  levels  its  contribution  to  the  denominator  term  will 
be  small,  particularly  since  Rp>  will  then  have  a larger  value. 


The  effect  of  the  emitter  ohmic  resistance  will  also  be  great  at  these 
current  levels  and  can  cause  substantial  variations.  Similarly,  the  product 
rp,p,  (1  - op,)  also  has  a significant  effect  on  the  voltage  gain  at  high  currents. 


For  those  transistor  types  having  data  sheets  containing  collector  curves 
covering  the  contemplated  operating  conditions,  it  is  possible  to  estimate  the 
value  of  Rp>  and  its  effect  on  the  voltage  gain  by  measuring  the  slope  of  the  curve 
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at  the  operating  point.  Carrying  out  this  procedure  for  the  2N706A  and  2N917 
gives  the  results  shown  in  Table  3-3.  Comparison  of  these  voltage  gains  with 
the  measured  values  in  Table  3-1  and  Figures  3-6  and  3-8  shows  good  agree- . 
ment,  except  for  the  case  of  the  2N917  with  RT  = 2. 5K,  which  gives  a gain  3 DB 
higher  than  that  measured.  This  appears  to  be  caused  by  the  behavior  of  the 
transistor  saturation  resistance  at  collector  currents  larger  than  10  MA.  Above 
10  MA  the  saturation  resistance  increases  appreciably,  with  the  knee  extending 
out  into  the  region  of  = at  an  Ie  30  MA.  In  addition,  hpg  falls  rapidly 
with  increasing  emitter  current  in  the  region  above  10  MA.  This  combination 
of  effects  would  cause  a considerable  amount  of  2nd  harmonic  distortion  in  the 
collector  voltage  waveform.  However,  the  increase  would  be  gradual  and  would 
not  be  readily  apparent  in  the  procedure  used  during  the  tests  to  check  linearity. 
This  consisted  of  increasing  the  drive  signal  by  3 DB  and  noting  the  increase  in 
output.  This  knee  behavior  also  occurs  in  the  2N2708  transistor  and  may  be  a 
characteristic  of  the  very  high  gain-bandwidth  transistor  types.  When  consider- 
ing the  use  of  these  types  of  transistors  in  the  common-emitter  configuration,  it 
will  be  advisable  to  investigate  this  and  to  determine  any  resulting  undesired 
effects.  In  the  case  of  the  2N917  and  the  2N2708,  the  behavior  of  the  saturation 
resistance  and  hpE  will  limit  the  desirable  operating  current  range  to  below  10 
MA  and  to  oscillator  applications  requiring  less  than,  say  20  or  30  MW  of  output 
power . 


TABLE  3-3.  LOW  FREQUENCY  VOLTAGE  GAIN 


Transistor 

Type 

XE 

(MA) 

VCE 

Slope 

(K) 

hFE 

from 

curves 

%> 

(K) 

Rj1 

(K) 

, Rt 

(re  + rbb',  — 
(ohms) 

°V 

2N706A 

10 

7 : 

8 

30 

240 

1 

0.27 

230  (47  DB) 

10 

7 

8 

30 

240 

2.5 

0.7 

520  (54  DB) 

30 

7 

2 

35 

70 

1 

0.9 

310  (50  DB) 

2N917 

10 

7 

3.5 

60 

210 

1 

0.3 

205  (46  DB) 

10 

7 

3.5 

60 

210 

2.5 

0.75 

480  (53  DB) 

In  the  frequency  range  of  0.8  to  20  MC,  amplifier  voltage  gains  in  excess 
of  100  (40  DB)  are  normally  unnecessary  in  oscillators;  and  over  the  greater 
part  of  the  range,  a gain  of  50  is  more  than  adequate.  This  order  of  voltage  gain 
is  easily  achieved,  and  it  will  often  be  possible  to  trade  voltage  gain  for  ampli- 
fier stability  with  transistor  interchange  by  incorporating  an  unbypassed  emitter 


resistance,  rE,  in  the  circuit.  This  is  particularly  desirable  at  emitter  current 
levels  above  3 MA  where  the  voltage  gain  spread  increases.  At  low  frequencies 
its  effect,  insofar  as  voltage  gain  is  concerned,  is  to  increase  the  apparent  value 

R x 

of  re.  Reference  to  the  values  of  r1,  r^'  (1  - o^q)  and  (re  + r^')  — — previously 

derived,  and  the  voltage  gain  spreads  given  in  Table  3-1,  shows  that  values  of 
r^,  as  small  as  2 or  3 ohms  will  be  beneficial  in  stabilizing  the  voltage  gain  at 
high  current  levels. 


Another  advantage  is  that  the  range  of  frequencies  over  which  the  voltage 
gain  is  independent  of  frequency  is  increased.  An  example  of  this  is  given  in 
Figure  3-6  where  the  tuned  amplifier  gain  with  an  emitter  resistor  of  16  ohms, 
an  Rt  of  1 K,  and  a voltage  gain  of  33  DB  50)  is  shown  to  have  a cutoff  fre- 
quency three  times  higher  than  that  of  an  amplifier  with  the  same  voltage  gain, 
an  Rt  of  200  ohms,  and  no  emitter  resistor. 

The  use  of  emitter  degeneration  is  also  helpful  during  the  preliminary 
design  stage,  particularly  for  emitter  current  levels  above  3 MA,  when  a tran- 
sistor of  unknown  detailed  characteristics  is  to  be  used.  The  assumption  of  a 
few  ohms  of  emitter  degeneration  will  then  enable  the  amplifier  gain  to  be 
accurately  estimated. 


3-17.  Voltage  Gain  Cutoff  Frequency  fy 

Because  of  the  desirability  of  being  able  to  estimate  the  voltage  gain  cut- 
off frequency,  a semi -empirical  approach  was  used  in  developing  a formula  for 
fy  with  the  following  results.  The  behavior  of  the  loci  of  fy  at  emitter  current 
levels  of  3 and  10  MA  for  various  values  of  amplifier  load  is  shown  in  Figures 
3-6,  3-7,  and  3-8.  The  same  general  behavior  is  apparent  for  all  the  tested 
transistor  types.  At  low  values  of  amplifier  load,  fy  is  almost  independent  of 
RT  and  is  primarily  determined  by  the  behavior  of  the  extrinsic  transconductance 
of  the  transistor.  From  Figure  3-4  (b),  the  relationship  between  and  V^ie  when 
the  collector  and  emitter  are  short-circuited  is; 


Y_b[e  _ Rb'e 

Vi  " (iW  + Rb'e)  (1  +j —L-) 

XCb'e 

where 

Rb'e  ‘ rbb' 
r Rb'e  + rbb' 

Therefore,  the  extrinsic  transconductance  is: 

gm  • Rb'e 

Extrinsic  gm  = (j^bi  + Rjjig)  d ~ j ZZ) 

XCb'e 


(3-49) 


(3-50) 


(3-51) 


88 


The  extrinsic  transconductance  cutoff  frequency  fy  is  then: 


Relating  Equation  (3-38)  to  Equation  (3-52)  gives: 

*V  = T • fT  (3-53) 

Using  typical  values  of  fT  from  the  data  sheets  and  the  typical  values  of 
re,  rbb'>  and  hFE  previously  tabulated  gives  the  fy  shown  in  Table  3-4.  fy  is  the 
theoretical  frequency  at  which  the  extrinsic  transconductance  is  3 DB  down  on  a 
response  curve  having  a 20  DB  per  decade  attenuation  characteristic  at  higher 
frequencies.  The  experimental  results  indicate  that  the  actual  attenuation  char- 
acteristic is  approximately  half  this  theoretical  value  and  that  the  experimental 
values  of  fy  correspond  to  the  frequency  at  which  the  voltage  gain  is  1 to  1.5  DB 
down.  The  magnitude  of  the  response  of  a network  having  a simple  single  pole  is 
down  by  1 DB  at  one-half  the  cutoff  frequency,  and  this  is  the  value  which  should 
be  compared  for  agreement  with  the  experimentally  derived  cutoff  frequencies, 
fy,  given  in  Table  3-4.  . 


TABLE  3-4.  CALCULATED  VALUES  OF  TRANSCONDUCTANCE 

CUTOFF  FREQUENCY 


Transistor 

Type 

IE 

(MA) 

re 

(ohms) 

Typical 

hFE 

Rb'e 

(ohms) 

r 

(ohms) 

fT 

(MC) 

f'y 

(MC) 

f V/2 
(MC) 

fv 

(MC) 

2N706A 

10 

2.5 

40 

100 

40 

300 

19 

9.5 

10-11 

3 

8.3 

40 

330 

50 

200 

33 

16.5 

13-14 

2N2219 

10 

2.8 

130 

360 

50 

300 

17 

8.5 

10-12 

3 

8.3 

100 

830 

56 

250 

37 

18.5 

16-18 

1 

2N917 

10 

4 

80 

320 

50 

700 

56 

28 

21-24 

3 

9.5 

70 

670 

54 

700 

120 

60 

38-42 

Extrapolating  the  loci  of  fy  to  the  0 DB  gain  level  gives  the  approximate 
values  presented  in  the  last  column  of  Table  3-4.  Comparison  with  the  calculated 
values  of  f f gives  substantial  agreement,  with  the  exception  of  the  2N917  at  an 
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emitter  current  of  3 MA  where  the  actual  cutoff  frequency  is  30  percent  below 
the  estimated  value. 


For  higher  values  of  amplifier  load  resistance,  it  was  experimentally 
found  that  the  tuned  amplifier  voltage  gain  cutoff  frequency  with  a given  load 
resistor  coincided  with  that  obtained  when  the  circuit  was  rearranged  as  a video 
amplifier.  The  untuned  voltage  gain  of  the  equivalent  transistor  circuit  at  fre- 
quencies well  below  fy  is: 


°VV  = 


ao 


RT 


re  + rbb'  (1  - “o>  + § <re  + rbb 


Rt 

} +]XCcb7 


(3-54) 


<re  + rbb 


') 


Gyy  exhibits  the  frequency  response  of  a simple  pole  with  a cutoff  frequency 
given  by  the  condition: 

re  + rbb’  d - Qb)  + ^ <re  + rbb')  = <re  + rbb’>  <3_55> 

The  left-hand  side  of  Equation  (3-55)  is  the  denominator  term  of  the  low  frequency 
voltage  gain  expression.  Therefore: 

fv  = ; (3-56) 

V 2"Ccb'  • Gyo  (re  + rbb') 

Using  the  measured  values  previously  derived  and  values  of  CcbT  estimated  from 
the  data  sheets,  assuming  Ccb' is  1 PF  less  than  Cob1,  gives  the  cutoff  frequency 
values  shown  in  Table  3-5. 


TABLE  3-5.  CUTOFF  FREQUENCY  VALUES 


IE  = 10  MA,  Vce  = 7 v 

Rt 

Ccb' 

fv 

Type 

(K) 

(PF) 

(MC) 

2N706A 

2.5 

2.5 

1.8 

1 

2.5 

4.3 

0.5 

2.5 

8.3 

2N2219 

2.5 

3.5 

0.9 

1 

3.5 

2.3 

0.5 

3.5 

4.6 

2N917 

2.5 

1 

5.2 

1 

1 

12 

The  cutoff  frequency  values  derived  from  Equation  (3-56)  indicate  the 
frequency  at  which  the  response  is  3 DB  down.  In  this  case,  however,  reasonable 
agreement  is  obtained  for  Ry  values  of  1 K or  larger  when  a direct  comparison 
is  made  with  the  measured  values  of  fy.  The  exception  is  the  2N917  with  a 2.5K 
load  where  the  calculated  and  measured  values  show  substantial  disagreement. 
This  may  also  be  attributable  to  the  previously  noted  behavior  of  saturation  re- 
sistance characteristic  of  this  transistor.  At  lower  values  of  Ry  the  cutoff  fre- 
quency given  by  Equation  (3-56)  approaches  the  transconductance  cutoff  frequency 
and  is  therefore  no  longer  valid.  The  theoretical  cutoff  frequency  fyc,  when 
both  effects  are  combined,  can  be  derived  from  the  transistor  equivalent  circuit 
as: 


fVC  “ 


277  * Gvq 


rbb ' 


wT  ' ■R’] 


(re  + rbb  ) ^cb 


(3-57) 


The  addition  of  an  unbypassed  emitter  resistor,  rg,  effectively  increases 
the  values  of  re.  For  an  amplifier  using  a 2N706A  transistor  with  Ry  - IK, 

Ig  = 10MA,  and  rg  = 16  ohms,  the  value  of  fy  given  by  Equation  (3-56)  is  20  MC . 
Comparison  with  the  measured  voltage  gain  characteristic  for  these  conditions 

given  in  Figure  3-6  shows  an  error  of  25  percent.  The  calculated  transconduct- 

f' 


ance  cutoff  frequency,-^  , is  45  MC . 

3-18.  Voltage  Gain  at  Frequencies  Above  fy 


In  this  frequency  region  the  tuned  voltage  gain  decreases  at  a rate  of 
from  10  to  16  DB  per  decade,  depending  on  transistor  type,  emitter  current, 
and  amplifier  load  resistance.  The  effect  of  the  last  two  factors,  however, 
appears  to  be  small  judging  from  the  limited  experimental  data.  In  the  worst 
cases,  the  increase  in  slope  between  loads  of  50  ohms  and  2.5  K was  approxi- 
mately 4 DB  per  decade. 


The  voltage  gain  available  in  this  frequency  range  is  therefore  primarily 
dependent  on  the  cutoff  frequency,  fy,  and  since  this  decreases  rapidly  with 
increasing  values  of  load  resistance,  the  voltage  gain  as  a function  of  Rx  is 
non-linear.  The  most  marked  example  of  this  is  the  2N2219  where  a 2.5  times 
increase  in  Rx  from  1 K to  2.5  K results  in  a voltage  gain  increase  of  only  1.5 
to  2 DB  (15  to  25  percent)  at  frequencies  above  10  MC,  whereas  a similar  increase 
at  frequencies  below  fy  gives  an  increase  of  voltage  gain  of  8 DB  (2.5  times).  A 
similar,  but  less  severe,  reduction  occurs  for  the  other  transistor  types. 

In  this  frequency  region  the  voltage  gain  formula  given  by  the  transistor 
equivalent  circuit  of  Figure  3-4  is  not  accurate.  This  formula  gives  a 20  DB  per 
decade  slope  above  fy,  which  is  considerably  greater  than  that  actually  measured. 
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It  will  therefore  be  necessary  to  make  voltage  gain  measurements  when  design- 
ing in  this  frequency  range  using  other  transistor  types,  although  preliminary 
estimations  can  be  made  from  the  plots  of  Figure  3-6,  based  on  the  relative 
values  of  fT  and  hFE.  This  is  no  great  inconvenience  if  the  test  circuit  is  con- 
structed in  the  form  to  be  used  for  the  prototype  oscillator. 

In  this  sub-section  the  following  has  been  determined: 

(a)  The  voltage  gain  at  frequencies  below  fy  can  be  estimated  with 
adequate  accuracy  from  Equation  (3-40),  assuming  r'  = 1 ohm, 

rq-,^ T =60  ohms,  and  using  a value  for  RE  derived  from  the  data  sheet. 

(b)  The  value  of  the  cutoff  frequency  fy  can  be  adequately  estimated 
from  Equations  (3-53)  and  (3-56)  and  the  known  general  behavior  of 

fV- 

(c)  In  the  frequency  region  above  fv>  an  estimation  of  voltage  gain 
adequate  for  the  preliminary  design  stage  can  be  obtained  either  by 
first  determining  the  approximate  cutoff  frequency  loci  shape  from 
fy  calculations  at  Rq  = 0 and,  say,  Rq  = 1 K,  or  by  extrapolation 
or  interpolation  from  the  plots  of  Figures  3-6  through  3-8. 

The  temperature  dependency  of  the  voltage  gain  of  a transistor  amplifier 
was  found  to  be  quite  small  when  adequate  biasing  arrangements  are  used.  Volt- 
age gain  changes  of  less  than  ±20  percent  were  obtained  over  the  temperature 
range  of  -55  to  +105  degrees  C using  silicon  transistors. 

3-19.  Common  Emitter  Amplifier  Input  Impedance 

For  the  Pierce  type  oscillator  which  is  only  used  up  to  20  MC,  it  is  de- 
sirable to  know  the  amplifier  input  impedance  in  terms  of  the  parallel  resistive 
and  reactive  components.  Measurements  were  made  on  tuned  amplifiers  for 
various  amplifier  loads  and  transistor  types  at  frequencies  of  5 and  20  MC,  and 
the  results  obtained  are  shown  in  Figures  3-10,  3-11, and  3-12. 

3-20.  Parallel  Input  Resistance 

Referring  to  the  parallel  input  resistive  components  shown  in  Figures  3-10 
and  3-11,  it  is  apparent  that  the  general  behavior  of  this  component  is  similar  for 
all  the  transistors  tested.  In  each  case,  as  the  amplifier  load  resistance  is  in- 
creased from  the  zero  value,  the  input  resistance  decreases  at  first,  levels  out 
in  the  region  of  Rq  equal  to  100  to  600  ohms,  and  then  increases.  In  some  in- 
stances it  reaches  values  several  times  that  measured  with  the  amplifier  output 
short-circuited.  The  amount  of  decrease  is  dependent  on  the  frequency  and  the 
transistor  type.  At  20  MC  all  the  transistors  tested  show  a maximum  decrease 


Figure  3-10.  Amplifier  Parallel  Input  Resistance  Measurements,  20-MC  Frequency 


WV  ^ V V V b VV 

Rj  (OHMS)  Rj(OHMS) 


Figure  3-11.  Amplifier  Parallel  Input  Resistance  Measurements, 

5-MC  Frequency 

in  input  resistance  of  from  30  to  50  percent  of  the  short-circuited  output  value; 
while  at  5 MC  the  decrease  was  from  10  to  30  percent  with,  in  general,  the 
lower  f<p  transistor  types  showing  the  greater  reduction. 

The  increase  in  input  resistance  following  the  minima  is  due  to  the  posi- 
tive feedback  occurring  within  the  transistor,  which  at  much  higher  frequencies 
than  those  considered  here  is  capable  of  causing  sustained  oscillation.  Up  to  20 
MC,  at  die  amplifier  load  levels  considered,  this  condition  is  not  likely  to  occur 
and  the  major  effect  is  the  increase  in  parallel  input  resistance.  Input  resistance 
equations  based  on  the  equivalent  circuit  of  Figure  3-4  do  not  account  for  this 
effect,  but  give  a reasonably  accurate  estimate  of  the  input  resistance  when  the 
amplifier  output  is  short-circuited.  The  short-circuit  parallel  input  impedance 
for  the  transistor  equivalent  circuit  of  Figure  3-4,  assuming  Xcct/  and  Rd  are 
much  larger  thanXcb'e  an^  Rb'e>  respectively,  is: 
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^in(p)  (rbb  + ^b  e) 


(3-58) 


1 + (- — - — )2 
txCb’e 


1 + 


Hb'« 


(XCb'e)2J 


where  r is  the  parallel  resistance  of  rbb1  and  Rb’e-  Rut  from  Equations  (3-38) 
and  (3-39): 


and: 


C^b'e) 

r ■ Rb'e 
(3fcb'e) 


Therefore: 


re  fT 


hFE  * — ‘ 


■^in(p)  **  ^b'  + ^b'e^ 


1 + i-  ‘ f 

\re  fT; 


1 + h 


FEmin  re  \f 


r 


(3-59) 


(3-60) 


(3-61) 


(The  minimum  value  of  hFE  is  used  in  Equation  (3-61)  to  obtain  the  minimum 
value  of  Rin(p).) 


Substituting  the  previously  derived  experimental  values  of  re  and  r^b'* 
and  minimum  hFE  and  typical  f^  values  obtained  from  the  data  sheets,  into 
Equation  (3-61)  gives  the  calculated  values  of  Rin(p)  shown  in  Table  3-6.  These 
represent  the  minimum  expected  values  of  Rin(p)  with  the  amplifier  output  shorted. 
Comparison  with  the  measured  values  also  given  in  Table  3-4  shows  a reasonable 
degree  of  agreement  between  the  lowest  measured  values  and  the  calculated  values, 
particularly  since  only  one  transistor  out  of  the  entire  number  tested  had  a current 
gain  approaching  the  minimum  value. 


It  will  subsequently  be  shown  that  in  the  Pierce -type  oscillator  the  con- 
dition placed  on  the  amplifier  parallel  input  resistance  is  that  it  should  not  be 
less  than  a certain  value  determined  by  crystal  loading.  It  is  therefore  not 
necessary  to  know  the  input  resistance  accurately,  provided  that  this  minimum 
condition  is  satisfied.  Further,  this  limiting  value  of  parallel  input  resistance 
is  not  a rigidly  determined  condition,  but  is  rather,  a condition  determined  on 
the  basis  of  circuit  feasibility  and  desirable  crystal  loading  conditions.  In  view 
of  this,  it  is  considered  sufficient  for  design  purposes  to  consider  the  amplifier 
input  resistance  to  be  the  value  calculated  for  short-circuited  output  conditions 
using  the  minimum  value  of  hFE.  The  amplifier  input  resistance  for  the  majority 


of  transistors  will  then  be  larger  than  this  value  for  all  conditions  of  loading,  and 
only  occasional  transistors  will  result  in  lower  values  (and  then  only  for  a narrow 
range  of  amplifier  loads). 

Another  factor  justifying  this  approaches  the  behavior  of  the  input  imped- 
ance under  the  actual  large  signal  operating  conditions  that  occur  in  an  oscillator. 
The  signal  voltage  appearing  across  the  emitter-base  junction  is  then  usually 
large  compared  to  the  "linear"  operating  region  of  the  junction,  and  the  input 
resistance  can  then  only  be  considered  in  terms  of  its  average  value.  Since  this 
cannot  be  readily  specified  or  related  to  the  small  signal  input  resistance,  it 
appears  unrealistic  to  attempt  a more  accurate  determination  of  Rin(p))  than 
that  outlined  above . 

The  frequency  dependence  of  Rin(p)  varies  appreciably  between  transistor 
types.  In  general,  when  all  other  characteristics  are  similar,  a transistor  type 
having  a high  value  of  hpj*  m^n  will  show  a greater  frequency  dependence  of 
Rin(p)  than  a transistor  type  having  a lower  hFE  min*  This  is  because  Rb'e  is 
larger,  and  therefore  Xcb'e>  which  will  have  a similar  value  for  both  types, 
becomes  comparable  with  Rb'e  at  a lower  frequency.  Also,  high  values  of  bp 
will  result  in  a smaller  frequency  dependency.  The  2N917  and  2N2708  types 
tested  showed  negligible  frequency  dependence  of  Rin(p)  UP  t°  20  MC . 

3-21.  Common  Emitter  Amplifier  Parallel  Input  Capacitance 

The  behavior  of  the  tuned  transistor  amplifier  parallel  input  capacitance 
is  shown  in  Figure  3-12  as  a function  of  amplifier  load  resistance  at  frequencies 
of  5 and  20  MC . In  these  plots  the  pairs  of  similar  lines  represent  the  limits 
within  which  the  measured  input  capacitance  values  lie  for  the  indicated  emitter 
currents.  Similar  general  behavior  is  evident  for  all  the  transistors  tested;  as 
Rx  increases  from  zero  value,  the  capacitance  at  first  increases  rapidly  and 
then  slows  gradually,  apparently  approaching  a terminal  value  for  amplifier  loads 
in  the  region  of  1 to  2 K. 

The  increase  in  Cqn/p\  is  due  to  the  Miller  effect  action  of  Cc^'  between 
the  intrinsic  base  and  the  collector,  and  the  stray  capacitance  between  the  extrinsic 
base  and  the  collector  . The  effect  of  Ccb'  is  to  place  a capacitance  in  parallel 
with  Cjj'g  approximately  equal  to  Cck'  times  the  amplifier  voltage  gain.  In  the 
lower  fx  transistors,  this  can  amount  to  several  hundred  picofarads  at  amplifier 
load  levels  of  a few  hundred  ohms.  This  increased  capacitance  is  reflected  into 
the  base-emitter  terminals  by  the  action  of  rbb'  and  Rb'e*  The  stray  capacitance 
between  base  and  collector  may  also  reflect  an  input  capacitance  of  100  PF  into 
the  base  circuit,  particularly  if  care  is  not  taken  in  the  circuit  layout  to  avoid 
adding  further  strays. 


In  the  Pierce  oscillator,  the  amplifier  input  is  terminated  in  a capaci- 
tance forming  part  of  the  feedback  network.  The  amplifier  parallel  input 
capacitance  forms  a part  of  this  capacitance  ; and  consequently  it  need  not  be 
known  accurately  during  the  preliminary  design  calculations,  since  any  dis- 
crepancies can  be  remedied  during  the  experimental  stage  of  the  design,  pro- 
vided Cin(p)  does  not  exceed  the  required  total  value  of  the  feedback  network 
capacitance.  In  practice  it  is  desirable,  because  of  the  instability  of  Cqn^, 
that  it  should  be  much  smaller  than  the  required  total.  In  view  of  this  it  is 
considered  preferable,  when  considering  the  use  of  other  transistor  types,  to 
use  the  plots  of  Figure  3-12  to  estimate  Cjn^p^  rather  than  to  attempt  to  calculate 
its  value,  particularly  since  the  equation  for  Cin(p\  based  on  the  transistor 
equivalent  circuit  of  Figure  3-4  is  unwield  y and  of  limited  accuracy. 

The  estimation  of  C-^p)  for  other  transistor  types  should  be  made  on 
the  basis  of  the  relative  values  of  bp  and  hp^  to  those  of  the  transistor  types 
tested. 


In  this  sub-section  it  has  been  determined  that: 

(a)  The  parallel  input  resistance  of  a common-emitter  amplifier 
can  be  calculated  with  sufficient  accuracy  using  Equation  (3-61). 

(b)  The  parallel  input  capacitance  can  be  estimated  with  adequate 
accuracy  from  the  plots  of  Figure  3-12. 

3-22.  Amplifier  Phase  Shift 

The  behavior  of  the  phase  angle  between  the  amplifier  input  and  output 
voltages  has  not  been  investigated  in  detail,  primarily  due  to  the  lack  of  suitable 
test  equipment.  However,  crude  measurements  of  tuned  amplifier  phase  angle 
were  made  at  a frequency  of  60  MC  for  an  amplifier  load  of  200  ohms  and  an 
emitter  current  of  10  MA  using  a dual-trace  sampling  oscilloscope.  At  this 
frequency  it  was  found  that,  for  the  2N706A,  2N2219,  2N709,  2N917  and  2N2708 
t3TDe  transistors,  the  amplifier  phase  shift,  when  tuned  to  maximum  output,  was 
in  the  region  of  40  to  60  degrees. 

As  shown  by  the  amplifier  response  plots  of  Figures  3-6,  3-7,  and  3-8  at 
60  MC,  the  amplifier  was  in  all  cases  working  well  above  the  cutoff  frequency  in 
the  region  where  the  tuned  voltage  gain  has  a response  of  12  to  14  DB  per  decade. 
Network  theory  suggests  that  a network  exhibiting  a slope  of  this  order  will  have 
a phase  angle  of  50  to  65  degrees,  which  closely  agrees  with  the  values  measured 
Assuming  that  this  agreement  is  not  coincidental,  this  result  can  be  extrapolated 
indicating  an  amplifier  phase  shift  of  approximately  30  degrees  at  the  cutoff  fre- 
quency fy.  Amplifier  phase  angles  of  more  than  20  degrees  are  not  desirable, 
primarily  because  of  the  variations  which  may  occur  due  to  environmental 
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condition  changes  and  which  will  cause  oscillator  frequency  drift.  It  is  there- 
fore desirable  to  work  the  amplifier  below  fy  if  at  all  possible.  For  the  lower 
fx  transistors  at  frequencies  above  a few  megacycles,  this  entails  working  under 
low  voltage  gain  conditions . The  use  of  emitter  degeneration  will  also  be  helpful 
in  increasing  the  effective  value  of  fy  and  reducing  phase  shift. 

3-23.  Common-Base  Amplifier  Input  Impedance 

In  oscillators  using  a common-base  transistor  amplifier,  it  is  usually 
desirable  to  know  the  series  components  of  the  amplifier  input  impedance.  Input 
impedance  measurements  were  made  at  several  frequencies  on  groups  of  four 
types  of  transistors  at  various  amplifier  load  resistance  values,  and  the  results 
obtained  are  shown  in  Figures  3-13  and  3-14.  In  these  plots  each  pair  of  similar 
lines  indicates  the  limits  of  the  impedance  values  obtained  under  the  specified 
test  condition. 

a.  Common-Base  Amplifier  Series  Input  Resistance 

Figure  3-13  shows  the  behavior  of  the  series  input  resistance  of  the 
various  transistor  types  as  a function  of  frequency.  Comparison  of  the  plots 
shows  the  same  general  pattern  of  behavior  for  all  the  transistor  types.  At  low 
frequencies,  the  series  input  resistance  is  essentially  independent  of  the  load 
resistor  value  and  is  approximately  equal  to: 

^in(s)  *=*  re  + Hob'  “ °<o)  (3-62) 

In  the  vicinity  of  10  to  20  MC,  depending  on  transistor  type  and 
emitter  current  level,  Rin(s)  begins  to  increase  above  the  value  given  by  Equation 
(3-62)  at  a steadily  increasing  rate  until  a maximum  is  reached  in  the  40-  to  80- 
MC  range.  The  peak  is  then  followed  by  an  equally  sharp  decrease  in  Rin(s)>  with 
resistance  values  at  100  MC  approaching  or  less  than  the  low-frequency  value  of 

•^in(s)* 


This  peculiar  variation  of  the  amplifier  input  resistance  is  due  to  the 
complex  feedback  occurring  within  the  transistor.  The  initial  increase  is  caused 
by  negative  feedback  which  is  then  counterbalanced  at  a higher  frequency  by  a 
positive  feedback  component,  causing  the  peak.  The  positive  feedback  then  be- 
comes dominant  at  higher  frequencies,  causing  the  input  resistance  to  decrease. 
This  is  the  positive  feedback  effect  referred  to  previously  as  occurring  in  non- 
unilateralized  amplifiers  at  high  frequencies  and  which  is  capable  of  causing 
sustained  oscillation.  The  plots  of  Figure  3-13  show  that, the  series  resistance 
was  positive  for  all  cases  measured.  However,  the  2N2219  with  a load  resistance 
of  500  ohms  has  a series  input  resistance  of  3 ohms  or  less  at  100  MC,  and  it 
appears  that  the  input  resistance  would  be  negative  for  some  transistors  of  this 
type  at  this  frequency  with  a load  resistance  of  1 K.~  The  effect  is  less  pronounced 
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Figure  3-13.  Common  Base  Amplifier  Series 
Input  Hesistance 
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for  the  other  types  of  transistor,  and  it  appears  that  the  input  resistance  will 
not  be  negative  with  a 1-K  load  resistance  below  150  MC  for  these  types. 

The  plots  of  Figure  3-13  show  the  behavior  of  the  amplifier  input 
resistance  at  the  frequency  to*  which  the  amplifier  is  tuned.  It  is  also  possible 
that,  at  frequencies  adjacent  to  that  to  which  the  amplifier  is  tuned,  the  positive 
feedback  will  be  increased  due  to  the  additional  phase  shift.to  the  point  where  the 
input  resistance  is  negative.  The  oscillator  stability  will  then  be  dependent  on 
the  resistance  and  reactance  of  the  driving  source.  Oscillation  may  then  occur 
if  the  driving  source  effective  series  resistance  is  smaller  in  magnitude  than 
the  negative  amplifier  input  resistance,  and  if  the  source  series  reactance  is 
equal  in  magnitude  to  the  amplifier  input  reactance  but  of  opposite  sign.  At 
frequencies  above  3 0 MC  where  the  positive  feedback  within  the  transistor  is 
likely  to  cause  a negative  amplifier  input  resistance,  only  series  resonance 
crystal  units  are  employed.  The  crystal  unit  resonance  resistance  is  in  the 
range  of  40  to  100  ohms,  and  a good  crystal  termination  is  obtained  by  inserting 
the  crystal  into  the  loop  in  series  with  the  amplifier  input.  The  crystal  unit  then 
constitutes  the  major  part  of  the  amplifier  driving  source  impedance;  and  since 
its  reactance  can  change  rapidly  for  only  small  frequency  changes,  it  is  entirely 
possible  that  the  driving  source  and  amplifier  input  reactance  cancellation  can 
occur.  A positive  amplifier  input  resistance  does  not  therefore  guarantee  that 
the  amplifier  will  be  sufficiently  stable..  Sustained  oscillation  at  a frequency- 
other  than  that  of  the  crystal  unit  is  unlikely  because  of  the  relatively  large  value 
of  the  crystal  unit  resonance  resistance  which  has  to  be  cancelled  for  this  to 
occur.  However,  it  is  found  that  smaller  amounts  of  positive  feedback  than  that 
resulting  in  complete  instability  will  cause  undesirable  characteristics  of  the 
crystal-controlled  oscillation.  Notable  among  these  is  the  distortion  of  the 
oscillator  tuning  response  and  of  the  frequency-versus-temperature  response. 

An  example  of  this  is  a 50-MC  oscillator  using  a 2N706A  transistor  where  it  was 
found  that  the  amplifier  load  could  not  exceed  500  ohms  because  of  these  effects. 

This  appears  to  be  an  effect  that  can  only  be  determined  experimen- 
tally, and  it  may  be  necessary  to  redesign  the  oscillator  at  several  amplifier 
load  levels  before  a satisfactory  oscillator  is  obtained. 

b.  Common-Base  Amplifier  Series  Input  Inductance 

Figure  3-14  shows  the  behavior  of  the  series  inductive  reactance 
Xl(s)  of  the  various  transistor  types  as  a function  of  frequency.  Comparison 
of  the  plots  shows  the  same  general  pattern  of  behavior,  with  the  inductive 
reactance  approximately  doubling  with  every  octave  increase  in  frequency,  indi- 
cating that  over  the  frequency  range  of  measurement  the  amplifier  effective  input 
inductance  remains  fairly  constant. 
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The  inductive  reactance  approaches  equality  with  the  series  resist- 
ance in  the  frequency  range  of  7 to  30  MC,  depending  on  transistor  type  and 
amplifier  load  resistance;  and,  because  of  the  peak  in  the  amplifier  input  resis- 
tance characteristic,  the  input  resistance  and  inductive  reactance  tend  to  in- 
crease approximately  in  unison  for  1 or  2 octaves  until  the  peak  of  input  resistance 
occurs.  At  higher  frequencies  than  that  at  which  the  peak  of  series  input  resis-  . 
tance  occurs,  the  amplifier  input  impedance  becomes  predominantly  inductive. 

It  has  not  been  possible  to  find  an  equation  which  adequately  char- 
acterizes the  behavior  of  the  amplifier  input  inductive  component.  However,  at 
frequencies  below  30  MC  for  an  oscillator  design  where  the  crystal  unit  is  inserted 
immediately  preceding  the  amplifier  and,  as  is  good  crystal  unit  terminating 
resistance  practice,  the  amplifier  series  input  resistance  is  small  compared  to 
the  crystal  resonance  resistance,  the  combined  resistance  will  be  large  compared 
to  the  inductive  reactance,  which  will  then  have  a negligible  effect.  This  is  further 
discussed  in  Section  7.  At  design  frequencies  above  30  MC,  this  no  longer  applies 
and  experimental  methods  must  be  employed. 

• 3-24.  Equivalent  Circuit  of  a Common -Emitter  Transistor  Amplifier  with  an 

Unbypassed  Emitter  Resistor 

Although  the  transistor  hybrids  equivalent  circuit  does  not  adequately 
describe  the  behavior  of  a transistor  amplifier  for  high  voltage  gain  conditions, 
it  does  give  reasonable  accuracy  when  the  amplifier  voltage  gain  is  low.  It  will 
subsequently  be  shown  that  for  the  Pierce  oscillator  the  important  amplifier 
characteristic  is  the  product  of  voltage  gain  and  parallel  input  resistance,  and 
that  no  loss  is  incurred  by  decreasing  the  amplifier  voltage  gain  provided  that 
a proportional  increase  in  input  resistance  is  obtained.  The  inclusion  of  an  un- 
bypassed emitter  resistance  gives  this  result,  as  shown  in  the  following  analysis. 

Referring  to  Figure  3-15,  the  object  is  to  prove  the  equivalence  of  cir- 
cuits (a)  and  (d).  It  is  more  convenient  to  show  that  (d)  is  equivalent  to  (a)  than 
vice-versa. 

For  a given  voltage  Vb'e  across  Rb’e>  the  current  generator  must  be 
equal  in  both  circuits  (a)  and  (c)  and  therefore: 


Sm  ' ^b  e 

“ GM  * VbE 

(3-63) 

Also 

VE 

= v+vb’e 

(3-64) 

and 

Vb’E 

xe  <Zb'e  + 7e'>  1 ZE 

(3-65) 

Ve 

*e  ’ zb  e zb  e 
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Substituting  for  Vb'e  from  Equation  (3-63)  into  Equation  (3-64)  gives: 

V 


Vb'E  = 


1 - 


gm 

§m 


(3-66) 


The  current  generator  of  Figure  3-15  (c)  can  be  rearranged  as  shown  in 
Figure  3-15  (b)  without  changing  the  circuit  conditions  (the  two  generators  are 
equal,  and  therefore  the  connection  between  the  emitter  (e)  and  the  mid-point 
of  the  two  generators  will  carry  no  current).  The  generator  connected  across 
Zj7  now  has  the  voltage  V across  its  terminals  and  can  be  replaced  by  an  imped- 
ance Z.  From  Equation  (3-66): 


Z = 


°M  ' Vb'E 


M 


m 


From  Equations  (3-63)  and  (3-65): 


(3-67) 


1 


Vb’E 


^m  ‘ ^b'c 


1 

&m 


'E 


1 + 3 


Ru« 


b e 


^b’e 


R.  » 

b e 


+ 1 


(3-68) 


Substituting  from  Equation  (3-68)  into  Equation  (3-67)  gives: 

Z, 


Z = 


E 


^m  ‘ Rb'e 


1 + j 


V 

b e 


(3-69) 


^Cb’e 

For  the  circuits  of  (a)  and  (c)  to  be  equivalent,  the  parallel  combination 
of  Zv  and  Z must  equal  r^.  That  is: 


rE 


ZE  1 + j^ 
*-'b  e, 


1 

sf* 

- <T> 

CD 

' “1 

‘ Rb'e 

^b'e 

(3-70) 


Transposing  gives: 


ZE  = 


r [1  + p R t + i 
E , Bm  b e J 


R.  , 
b e 


*0 


b'e 


1 + j 


Rb’e 

*Cb'e 


(3-71) 
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But: 


3m 


Rk- 
b e 


= h 


FE 


(3-72) 


and 


Rb’e  1 - O', 


Therefore: 


'E  " i-af 


1 + j 


1 + j 


d " <ty  ^b’e 


1 + j 


l _ a 


0 i + j 


(!  a0)  fT 


(3-73) 


(3-74) 


Zg  is,  therefore,  the  series  - parallel  combination  shown  in  Figure  3-15  (d). 

At  frequencies  well  below  fx,  the  effect  of  the  complex  numerator  term 
of  Equation  (3-74)  will  be  small  and  can  be  ignored.  With  this  approximation, 
Ze  behaves  as  a parallel  combination  of  resistance  and  capacitance  with  a cut- 
fT  „ 

off  frequency  at  . This  is  the  same  cutoff  frequency  exhibited  by  Rb’e 

1 -<*0 

and  C^’e  and,  therefore,  these  networks  can  be  combined  as  shown  in  Figure 
3-15  (e)  where: 


Rb’E 


re+  rE 
1 -an 


(3-75) 


Cb*E 


(3-76) 


G = a0  _ gm 
M r + r r 

e E 1 + — 
r 


(3-77) 
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This  analysis  shows  that  the  effect  of  an  unbypassed  emitter  resistor 

/ 

is  to  effectively  increase  Rj/g  and  decrease  C^'e  and  ^ by  a factor  of  1 + — 

\ re 

in  the  equivalent  circuit.  Therefore,  for  amplifier  Loading  or  frequency  condi- 
tions where  the  effects  of  voltage  sensitive  feedback  within  the  transistor  are 
small,  the  amplifier  voltage  gain  is  decreased  and  the  input  impedance  increased 
by  virtually  equal  amounts.  That  is,  the  product  of  input  impedance  and  voltage 
gain  is  practically  constant. 

3-25.  Transformer  from  Hybrid  -77  to  77  (Admittance)  Equivalent  Transistor  Circuit 

In  one  type  of  Pierce  oscillator  to  be  subsequently  considered,  the  bi- 
lateral behavior  of  a transistor  poses  difficulties  in  the  analysis  of  the  circuit 
and  in  the  development  of  a design  procedure.  These  difficulties  are  removed 
if  the  transistor  equivalent  circuit  is  divided  into  two  parts;  one  part  of  which 
behaves  as  a unilateralized  amplifier,  and  the  other  part,  which  represents  the 
internal  feedback  within  the  transistor,  is  incorporated  into  the  oscillator  feed- 
back network.  The  object  of  the  following  analysis  is  to  effect  this  transforma- 
tion of  the  transistor  equivalent  circuit. 

It  has  been  shown  that,  at  frequencies  below  the  cutoff  frequency  fy,  the 
hybrid-77  equivalent  transistor  circuit,  and  hence  circuits  derived  from  it, 
adequately  represent  the  behavior  of  a transistor  amplifier.  Therefore,  for  these 
conditions,  the  network  conversion  shown  in  Figure  3-16  is  valid.  The  values  of 
the  77  equivalent  circuit  elements  are  derived  as  follows. 


a.  Rr  and  Cr  (Yr) 

Yr  is  the  reverse  transconductance  from  the  transistor  output 
terminals  (c)  and  (e)  to  the  short-circuited  input  terminals  (b)  and  (e).  The 
derivation  of  Yr  is  simplified  when  it  is  noted  that  V^'g  will  be  small  compared 
to  V2.  This  permits  the  base  current  due  to  Rq  and  Ccb'  to  be  calculated 
separately  and  combined  by  superposition.  The  resistive  component  of  Yr  then 
consists  of  two  parallel  components.  That  is: 


in  parallel  with 


-bb' 


1.q»T*Q,b,-*(p) 


XCb 
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Figure  3-16.  Hybrids  and  n Equivalent  Transistor  Circuits 


where 


r = 


rbb’  ■ Rb'e. 
xbb  + Rb  e 


and 


X 


C(p)  a;(Cb'e  + Ccb.) 


The  capacitive  component  of  Y is: 


Cr.  ~ (CCb  + 


R 


D 


Cbe> 


Rb'e 


(rbb-+Rbre)  1 


(3-79) 


(3-80) 


(3-81) 


b.  Yf(g'm) 


Yf  is  the  forward  transconductance  from  the  transistor  input  termi- 
nals (b)  and  (e)  to  the  short-circuited  output  terminals  (c)  and  (e),  neglecting  the 
current  through  Rj}  and  C0b ' • That  is : 

Rb'e 

g m = gm  — (3-82) 

(1W+Ve>  (1  + i3^> 

c*  ^o(p)  anb  C0(p,  (Y0) 

Y0  is  the  admittance  appearing  between  terminals  (c)  and  (e)  due 
to  the  activation  of  the  current  generator  by  the  current  passing  through  R^  and 
Cc-|3 ' in  response  to  V2  when  terminals  (b)  and  (e)  are  short-circuited.  Because 
of  the  relative  values  of  Vb  ’e  and  V2>  the  currents  through  Rj)  and  Ccb'  can  again 
be  considered  separately  giving: 


in  parallel  with 


1 + ^b  e + XCcb  - 
- + Ccb'  + r2 


(3-83) 


Jo(p) 


a r 
o • 


WJ  j 


)Ccb'  + 


R 


D 


Cb'c 


(3-84) 


Lin 


Yin  is  the  admittance  at  the  input  terminals  (b)  and  (e)  when  the 
output  terminals  (c)  and  (e)  are  short-circuited.  Yjn  includes  Rr  and  Cr,  and 
the  admittance  required  to  determine  Rin(p)  and  Cin(p)  alone  is: 


Y'in  = Yin  - Yr 


(3-85) 


However,  Rjj  and  C^1  are  much  larger  than  Rb'e  an(i  Cb'e  and  Yjn  is  practically 
equal  to  the  admittance  of  r^',  and  Rb'e- 

\2 


then: 


Rin(p)  ^rbb  + Rb  e^ 


1 + 


Ub'e) 


1 + 


^b'e  ' ] 
xCb'e  J 


(3-86) 
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These  equations  also  apply  when  emitter  degeneration  is  used,  provided  Rb'E; 
CbTEj  (Cb’E  + Ccb'))  and  gM  are  substituted  for  Rb'e,  Cb'e?  (Cb'e  + Ccb')>  and 
gm,  respectively.  The  effects  of  emitter  degeneration  can  be  determined  by 
considering  these  substitutions  in  Equations  (3-78)  to  (3-87).  These  are: 

(a)  Cr  will  remain  almost  constant  with,  possibly,  a small  decrease 
in  value  caused  by  the  effective  decrease  in  C^'g. 

(b)  The  component  of  Rr  due  to  Rg  will  decrease  slightly  while  that 
component  due  toXcbrejwhich  *s  virtually  proportional  to  Xcb'ej 
will  increase  rapidly  with  increasing  rg . 

(c)  G'jj  will  decrease  rapidly  with  increasing  rg. 

(d)  Ro(p)  is  proportional  to  rj;  and  will  increase. 

(e)  Rin(p)  increases  with  increasing  rg. 

(f ) C|n  ^decreases  with  increasing  rg.  Therefore,  Cr  is  the  only 
circuit  element  practically  unaffected  by  emitter  degeneration. 


3-26.  Common-Emitter  Amplifier  Input  Resistance  Due  to  the  Transistor 
Base -Biasing  Network  ,s?. 

The  base  biasing  network  of  the  transistor  amplifier  is  in  parallel  with 
the  transistor  input  and,  consequently,  places  an  additional  parallel  resistive 
load  across  the  amplifier  input  terminals.  The  value  of  this  load  Rb(p)  is  the 
parallel  combination  of  the  base-to-B+  resistor  Rbl  and  the  base -to -ground 
resistor  Rb2-  It  will  be  subsequently  shown  that  the  attenuation  of  the  feedback 
network  in  a Pierce  oscillator  is  dependent  on  the  amplifier  parallel  input  re- 
sistance, requiring  a larger  attenuation  and  therefore  a larger  amplifier  voltage 
gain  as  the  amplifier  parallel  input  resistance  is  decreased.  It  is  therefore  de- 
sirable to  make  Rb(p)  as  large  as  possible  commensurate  with  maintaining  ade- 
quate stability  of  the  transistor  operating  point  with  the  transistor  interchange 
and  with  temperature  variations.  Three  effects  have  to  be  considered: 

(a)  For  the  normal  practice  of  batching  transistors  for  a maximum- 
to-minimum  hgg  ratio  of  3 to  1,  interchange  of  transistors  will 
cause  a possible  3-to-l  change  in  base  current  for  a constant 
emitter  current. 


Ill 


(b)  Over  the  temperature  range  of  -55  to  +105°C,  the  expected 
variation  of  hEE  is  typically  from  60  percent  of  the  25°C  value 
at  -55°C  to  150  percent  of  the  25°C  value  at  +105°C. 

(c)  The  variation  of  the  base -to -emitter  DC  voltage  with  temperature 
is  approximately  2 MV  per  degree  Centigrade.  For  the  160°C 
range  considered,  the  total  change  in  VBE  will  therefore  be  320 
MV. 


The  following  discussion  considers. (a)  and  (b)  and  relates  these  effects  to 
a transistor  having  the  minimum  value  of  hE£  of  its  type.  For  a given  emitter 
current,  let  X milliamperes  of  base  current  be  required  at  25°C.  Then,  at 
-55°C,  the  base  current  required  to  maintain  the  emitter  current  constant  will 
be  1.67X  MA.  Consider  next  a transistor  of  the  same  type  having  a maximum 
value  of  hEE  (assumed  here  to  be  3 times  the  minimum  value).  The  base  cur- 

rent  required  for  the  given  emitter  current  will  now  be  ^ MA  at  25° C.  And  at 

X 

+1033 C it  will  decrease  to MA.  The  total  range  of  base  current  variation  is 

4 . 5 

therefore  7. 5 to  1. 


The  transistor  biasing  network  to  be  considered  is  as  shown  in  Figure 
3-17,  and  the  problem  is  that  of  determining  the  maximum  values  of  and 
R|j2  that  can  be  used  while  maintaining  VgQ , and  hence  IE,  reasonably  constant 
with  the  7.5:1  possible  variation  of  Ig.  For  a given  change  &VgQ  in  VgQ  , the 
change  in  Ig2  *S: 


Figure  3-17.  Circuit  Used  for  Base-Biasing  Network  Analysis 
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^B2  - vBG  ' JB2 

And  the  change  in  Ig^  is: 

AVBG 


(3-88) 


£TB1 


Vcc  - VBG 


lBl 


(3-89) 


The  change  in  Ig  for  the  given  change  in  VgQ  is: 


AIB  = 


+ Al-R?) 


B2' 


Substituting  for  AtB1  and  AlR9  gives: 


&L 


_B 

? 
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^VBG 
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BG 


B2 

^B1 

lJ'b 


VBG 


!B2 


VCC  “ VBG  rB. 
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where  I'g  is  a current  whose  value  Lies  intermediate  to  the  two  extremes  and 
which  will  be  determined  later.  The  current  ratios  jjj.2.  and  PPi  are  related  by 

T 1 _ T t __  " 

1 B 1 T3 

the  condition: 
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(3-92) 


B 


The  possible  7.  5 to  1 range  of  variation  of  Ig  is  related  to  £Ig  and  I'g  by  the 
equation: 


1 B + ^B 
IB“AIB 


= 7.5 


(3-93) 


or 


M 


B 


±0.765 


(3-94) 
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AVgo  . 

By  inserting  values  of  Vbg>  Vcc  > and  the  desired  ratio  of  y^  into  Equation 

(3-91),  together  with  compatible  values  of  the  ratios  and  the  fractional 

I R Ir 


^B 


change  in  I_  is  obtained.  If  the  value  of— — ■ obtained  is  equal  to  or  greater  than 

1 B 

0.765,  the  transistor  biasing  network  meets  the  base  voltage  variation  requirements. 

Having  obtained  the  required  ratios  of  Ig-^  and  Ig2  to  I’g,  substituting 
for  ITg  gives  IB1  and  IB2  and,hence^  R^  an^  R]39 . I!g  is  calculated  from: 


LE 


® 1.06  hgg(min  at  25°C)  + 1 


(3-95) 


Equation  (3-95)  is  obtained  from  consideration  of  the  maximum  base  current  at 
-55°C. 
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As  previously  stated,  the  base  current  of  a transistor  at  -55°C  is  approxi- 
mately 167  percent  of  its  25°C  value.  Also,  the  base  current  of  a transistor 
having  a minimum  hFE  value  at  -55°C  is  given  by  Equation  (3-94)  as  1.  765  I'B. 
Relating  these  gives: 

1.  67  IB  (hFE  min  at  25°C)  = 1. 765  I'B  (3-96) 


or 

T , _ (hFE  min  at  25°C) 

B 1.06 


(3-97) 


IB  is  related  to  by: 


:B  “ 


E 

hFE  + 1 


(3-98) 


The  following  example,  which  is  used  later  in  an  oscillator  design,  illustrates 
the  procedure: 

Vcc  = 28  VDC 

VBG  = 18  VDC 

hFEmin  = 85 

IE  = 35  MA 

If  an  emitter  current  change  of  ±12  percent  is  considered  permissible,  the 
allowable  variation  in  V-^  is: 


If: 


and: 


Then: 


AVbg  = ±0-12  x 18  = ±2.2  V 


lBl 


- 2.6 


B 


1 


B2 


'B 

AI 


= 1.6 


I 


B 

B 


0.77 


114 


giving: 

Rbl  = 10  K 
Rb2  - 30  K 

The  input  resistance  of  the  base  biasing  network  is  then: 

Rb{p)  = ? • 5 K 

This  is  the  maximum  value  that  Rb(p)  can  have  for  this  emitter  current  at  the 
given  transistor  bias  point. 

The  effect  of  the  emitter-base  voltage  change  with  temperature  on  the 
emitter  current  will  be  negligible,  amounting  to  approximately  ±160  MV  in  18  V. 
For  emitter-to-ground  voltages  of  less  than,  say,  3 volts,  this  effect  will  play 
an  increasing  part  in  the  transistor  operating  point  instability  and  must  also  be 
considered. 
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SECTION  4 

IMPEDANCE  TRANSFORMING  NETWORKS 


4-1.  GENERAL 

Because  of  the  large  differences  in  impedance  level  likely  to  occur  be- 
tween the  crystal  unit  and  the  active  device,  at  least  one  impedance  transform- 
ing network  is  usually  necessary  in  an  oscillator  circuit.  Possible  applications 
of  impedance  transforming  networks  in  oscillators  are: 

(a)  To  transform  the  impedance  level  of  the  feedback  network  to 
that  required  at  the  active  device  output 

(b)  To  transform  the  input  impedance  of  the  active  device  to  a 
suitable  terminating  level  for  the  feedback  network 

(c)  To  transform  the  oscillator  external  load  to  a level  suitable 
for  connection  to  the  active  device. 

In  applications  (a)  and  (b)  an  additional  requirement  has  to  be  met.  Not 
only  must  the  network  transform  impedance  levels,  it  must  also  introduce  a 
desired  amount  of  phase  shift  between  input  and  output.  This  will  nominally  be 
0 degree  or  180  degrees,  depending  on  the  oscillator  configuration;  but  it  may 
be  desirable  to  introduce  small  additional  phase  shifts  to  compensate  for  those 
introduced  in  other  parts  of  the  circuit.  A definite  objective  in  designing  an 
impedance  transforming  network  is,  therefore,  to  obtain  a desired  phase  angle, 
and  design  processes  resulting  in  this  objective  are  required. 

Commonly  used  impedance  transforming  networks  are  shown  in  Figure 
4-1.  These  networks  are  normally  used  in  conjunction  with  a tuning  reactance 
as  shown  in  dashed  lines  in  (a)  to  (e).  These  components  play  no  part  in  the 
impedance  transforming  action,  their  function  being  solely  to  tune  out  the  reactive 
component  reflected  across  the  input  terminals.  These  networks,  or  the  tuning 
coil  in  the  case  of  (d),  contain  resistive  elements  in  the  form  of  coil  losses  that 
result  in  power  loss.  This  power  loss  reduces  the  efficiency  of  power  transfer 
through  the  network  and  must  be  accounted  for  in  the  oscillator  design. 

The  impedance  transforming  network  characteristics  that  are  required 

are : 


(a)  The  impedance  transforming  ratio 

(b)  The  input -output  voltage  ratio 
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Figure  4-1.  Impedance  Transforming  Networks 


(c)  The  input-output  phase  angle 

(d)  The  efficiency  of  power  transfer 

The  operation  of  the  networks  shown  in  Figure  4-1  are  analyzed  below, 
and  design  equations  are  developed  from  these  analyses. 

4-2.  77  NETWORK 

The  useful  property  of  this  network,  in  addition  to  its  impedance  trans- 
forming characteristic,  is  its  phase  inverting  action  between  input  and  output 
when  the  component  values  are  chosen  appropriately.  This  characteristic  is 
useful  when  the  power  amplifier  phase  angle  is  close  to  180  degrees.  Above  20 
or  30  MC,  crystal  units  are  normally  used  in  a manner  giving  zero  phase  angle 
transmission  at  an  impedance  level  suitable  for  grounded  cathode  or  base  opera- 
tion. Consequently,  unless  two  impedance  transforming  networks  are  used  in 
the  feedback  loop  (a  configuration  usually  not  justified  on  the  grounds  of  com- 
plexity when  an  alternative  is  available),  the  usage  of  fee  network  is  confined  to 
frequencies  below  20  to  30  MC . It  can,  however,  be  used  at  all  frequencies  for 
matching  to  the  oscillator  load. 

The  following  analysis  is  based  on  the  practical  aspects  of  the  network 
and  is  intended  to  show  how  the  impedance  transformation  occurs.  This  is  not 
the  most  elegant  approach,  but  it  is  believed  to  yield  a better  practical  appre- 
ciation of  the  impedance  transforming  action  of  the  network.  The  analysis  is 
developed  through  the  series -parallel  circuit  transformations  given  in  Figure 
4-2  which  show  only  that  portion  of  the  network  active  in  the  impedance  trans- 
forming function;  the  capacitor  placed  across  the  input  to  tune  with  L'  is  not 
shown.  The  load  resistance  rs  in  this  circuit  is  representative  of  the  parallel 
resistance  of  the  succeeding  circuit.  The  parallel  reactive  component  of  this 
circuit  is  considered  to  form  part  of  C. 
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VIN- 


-eff : 


(c) 

Figure  4-2.  v Network  Transformations 
Transforming  from  (a)  to  (b),  Figure  4-2,  the  relationships  between  rs' 


and  r„  and  C'  and  C (Table  1-3*  c)  are: 


and 


r's  = rs 


C'  = C 


1 + 


1 + i^'2 


s / J 


Transforming  from  (b)  to  (c),  Figure  4-2,  gives: 

XLeff  = XL  - Xc* 

Transforming  from  (c)  to  (d),  Figure  4-2  (Table  1-3,  b): 

Rg  ■ R'l 


(4-1) 


(4-2) 


(4-3) 


Rs  + R'l 


- (r's  +rL) 


1 + 


XLeff  \2  1 
r’s  + rd- 


(4-4) 


and 


XL’  - xLeff 


1 + 


r'c  + 


£LV 


XLeff  / 


(4-5) 


The  values  of  Rs  and  R'l  can  be  obtained  separately  be  equating  Tl  and  r’s  to 
zero,  respectively,  in  Equation  (4-4). 
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The  voltage  attenuation  ratio  Ay  is  obtained  from  Figure  4-2  (b)  and 


(c)  as: 


A = Vo  r's„-  jXC^ 

Vin  rL  + r’s  + jXLeff 


(4-6) 


And  when  rL  + r's  and  r's  are  smaller  than  — ^ and  1 - , respectively,  which 

will  be  necessary  if  the  phase  angle  is  to  approach  180  degrees,  Equation  (4-6) 
can  be  approximated  with  less  than  10  percent  error  as: 


Xc' 

■^Leff 


(4-7) 


Further,  for  the  prescribed  condition,  Equations  (4-1)  and  (4-2)  show  that  the 
value  of  C'  is  within  10  percent  of  C and  therefore: 


AC 

XLeff 


(4-8) 


From  power  transfer  considerations  the  impedance  transformation  ratio 
can  also  be  written  as: 


Tr  = - 


(4-9) 


The  power  transfer  efficiency  is: 


Rt  + Rc 


The  phase  angle  of  the  current  I relative  to  Vjn  is: 


rh  x.  -1  xLeff 
01  = - 


r s +rL 


(Lagging) 


The  phase  angle  of  V0  relative  to  I is : 

-1  xc- 

0VO  = tan  — (Lagging) 
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The  phase  lag  of  V0  relative  to  Vin  is,  therefore:' 

01  +0yo  = ten  pr  - ~ + tan  1 — (4-13) 

s L s 

Figure  4-3  illustrates  the  vector  relationships  between  the  various 
quantities,  and  shows  that  for  any  practical  network  there  will  exist  a phase 
lag  of  relative  to  Vin  which  can  approach,  but  never  exceed,  180  degrees. 

The  difference  from  180  degrees  is  due  to  the  finite  Q of  the  coil  and  the  presence 
of  rs  in  the  circuit. 


TPI072-39  I 

Figure  4-3.  tt  Network  Vector  Relationships 


4-3.  v Network  Design 

When  used  in  the  feedback  loop,  the  known  requirements  for  the  network 

are: 

(a)  The  value  of  Rs.  The  known  ratio  of  output  power  to  feedback 
power  determines  Rs. 

(b)  The  value  of  rs.  This  is  the  value  of  the  parallel  input  resist- 
ance of  the  succeeding  network. 

(c)  The  value  of  the  succeeding  networks’  parallel  input  reactance. 

If  this  is  capacitive,  it  may  determine  the  minimum  value  of  C. 

(d)  The  desired  phase  shift  deviation  from  180  degrees  may  be  known. 
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The  network  unknowns  are  C,  rL,  and  L.  With  this  number  of  unknowns 
the  network  design  becomes  involved,  especially  when  phase  requirements  have 
to  be  met.  A relatively  rapid  method  that  enables  the  designer  to  pay  constant 
attention  to  these  requirements  is  the  graphical  approach  outlined  below.  This 
is  based  on  the  vector  diagram  of  Figure  4-3. 


Since  rs  and  Rs  are  known  and  represent  the  same  power  dissipation, 
the  ratio  of  V0/Vin  can  be  calculated  as  follows: 


V 


in 


(4-14) 


Using  suitable  scaling,  draw  a line  of  length  Vin  on  the  reference  axis. 
From  the  origin  of  the  vector  Vin , draw  a partial  circle  of  radius  V0  in  the  third 
quadrant.  Bisect  Vin  and,  using  this  point  as  origin,  draw  a semicircle  in  the 
fourth  quadrant  of  diameter  Vin.  These  two  circular  segments  are  the  loci  of 
V0  and  V (r's  + rL),  respectively.  If  the  required  phase  angle  between  VQ  and 
Vin  is  known,  the  vector  VG  can  be  drawn;  if  not,  a value  must  be  assumed. 


Specifying  any  one  of  the  remaining  four  vector  quantities  will  automati- 
cally complete  the  design,  since  VLeff  and  Vc’  are  in  opposition  to  each  other 
and  mutually  perpendicular  to  Vr>s  and  V (r's  + re)-  The  choice  resolves  into 
the  assumption  of  a value  0j,  and  the  following  factors  may  influence  this 
choice.  For  a fixed  phase  angle  between  V0  and  Vin,  the  value  of  0i  used  de- 
termines the  power  transfer  efficiency  E,  since: 

r's vr's 

r’g+rL  " V(r's+rL)  (4"15) 

As  0j  approaches  90  degrees,  the  efficiency  increases.  This  is  the  same 
as  saying  the  coil  losses  approach  zero.  This  may  be  an  important  factor  in  the 
design  of  low  gain  amplifier  circuits. 


Using  these  factors  as  a design  basis,  a value  for  0j  can  be  selected;  and 
the  values  of  C,  L,  and  r^  can  be  calculated,  using  Equations  (4-16)  through 
(4-20).  It  should  be  noted  that  in  these  equations  Vr's,  Vc',  VLeff,  and  vrL 
are  voltage  magnitudes. 


r'f 


(4-16) 


xc- 


r's 


Vc 

vr.s 


(4-17) 
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c 


xc  - xc. 

xLeff  = XL' 


2 


1 + 


XC' 


(Table  1-3,  d) 


V (r's  + tl) 

2 

1 + j 

v Leff 

—2  (Table  1-3,  b) 


XL  = xLeff  + XC’ 
VrL  . 


rL  = r' 


Vr' 


The  Q of  the  inductance  is: 

QL  = — 


(4-18) 

(4-19) 

(4-20) 

(4-21) 


(4-22) 


If  this  Q is  not  a feasible  value  (either  too  small  or  too  large),  the  design 
can  be  optimized  by  recalculating,  using  a new  value  of  0j.  Increasing  0i  will 
require  a higher  Q for  the  coil  and  vice-versa.  A typical  design  is  shown  in 
Figure  4-4. 


4.4  CAPACITIVE  DIVIDER  NETWORK 


This  network  introduces  near  to  zero  phase  angle  when  properly  termi- 
nated. Its  major  advantages  are  the  control  of  phase  angle  that  can  be  obtained 
by  varying  the  values  of  Cj  and  C2  and  the  simplicity  of  design. 

The  circuit  to  be  analyzed  is  shown  in  Figure  4-5  where  Ci  and  C2  form 
the  impedance  transforming  network  and  rs  is  the  load. 


The  voltage  attenuation  ratio  of  this  network  is: 

, _ v2 


kv 


Vi 


jcoCi 


= r 


8 1 +ju:  (CX  +C2)  r£ 


a;Cl  rs /90°  -tan"1  a:  (C x - C 2)  r 


7l  +u2  (C1  +C2)2  rs2 


s (4-23) 


t, 
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Usually  the  phase  lead  required  from,  the  network  to  correct  for  phase 
lags  occurring  in  the  other  parts  of  the  loop  will  not  be  greater  than  20  to  30 
degrees;  that  is,  tan-1  u;(Ci  + C2)  rs  will  be  greater  than  60  degrees.  Tan 
64°  is  approximately  equal  to  2 and,  therefore,  the  minimum  likely  value  of 
a;  (Ci  + C2)  rs  is  2. 


For  the  condition  w(Ci  + C2)  rs  s 2,  the  magnitude  of  the  voltage  attenua- 
tion ratio  can  be  simplified  with  a maximum  error  of  12  percent  to: 


AV  = 


Cj 

Cl  + C2 


(4-24) 


The  power  dissipation  of  the  transformed  load  resistance  Rs  is  equal  to  that  of 
rs.  That  is: 


Vl2  _ V22 
Rs  “ rs 


(4-25) 


The  transformation  ratio  Tr  is,  therefore: 


(4-26) 


Substituting  from  Equation  (4-23)  into  Equation  (4-26)  gives: 

= 1 +ic2  (Cl  +C2)2  rs2 
Tr  ‘ ai2  C!2  rs2 


When  uj (Ci  + C2)rs  s3,  Equation  (4-27)  simplifies  to: 


(4-27) 


(4-28) 
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The  relative  values  of  + C2)  and  rs  required  for  various  phase  angles  can 

be  found  from  the  phase  angle  term  of  Equation  (4-23).  The  phase  of  V2  re- 
lative to  Vi  is: 


0 


96°  -tan 


-1 


rs 


x(Ci  +C2) 


(4-29) 


Therefore : 


0 - 10  degrees  when  rs  « 6 x(Cx  + C2) 

0 = 18  degrees  when  rs  » 3 + C9) 

0 = 26  degrees  when  rs  w 2 X(Cl  + c2) 

This  is  the  phase  shift  due  to  the  relative  values  of  (Cj  + C2)  andrs.  The  tun- 
ing of  this  network  by  an  inductor  can  also  introduce  a phase  angle  if  mistiming 
occurs. 

The  input  capacitance  of  the  network  at  the  input  terminals  is: 

.2  , 


C = Ci 


1 + 


rs 


X 


C2  ■ x(Ci  + C2) 


1 + 


rs' 


x (Ci  +C2)2 


(4-30) 


For  the  condition  60  (Ci  + C2)  rs  s 2,  this  simplifies  to: 

Ci  • C2 


C = 


ci  + c2 


(4-31) 


4-5.  INDUCTIVE  TRANSFORMER 


The  circuit  to  be  analyzed  is  shown  in  Figure  4-6,  where 

Li  is  the  primary  winding  inductance 
ni  is  the  number  of  turns  of  the  primary  winding 
L2  is  the  secondary  winding  inductance 
n2  is  the  number  of  turns  of  the  secondary  winding 
rs  is  the  load  resistance  in  the  secondary  circuit 
k is  the  coefficient  of  coupling  of  the  windings 
M is  the  mutual  inductive  coupling  between  the  windings 
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M,  k,  Lx,  and  L2  are  related  by  the  expression: 


M = k y^Lx  . L2  (4-32) 

The  relationship  between  the  primary  and  secondary  winding  inductances  and 
number  of  turns  is: 


(4-33) 


The  dots  in  Figure  4-6  indicate  the  polarities  of  the  windings.  The  analysis 
is  presented  for  the  nominally  phase -inverting  transformer,  but  is  equally  valid 
for  the  nominally  zero  phase-shift  transformer  if  a 180-degree  phase  shift  of 
the  secondary  winding  relationships  is  introduced.  The  resistance  of  the  wind- 
ings is  assumed  to  be  negligible  in  comparison  to  rs  and  the  driving  source 
resistance . 


The  loop  equations  for  the  circuit  of  Figure  4-6  are: 


Vl 

= II 

• j U!  Li  + 1 2 • j OJ  M 

(4-34) 

0 

= II 

. j COM  +I2'(rs  + j to  L2) 

(4-35) 

From  these: 

v2 

and 

= 12 

-1 1 • j osM  ■ rs 
rs  rs  +jwL2 

(4-36) 

Vl 

= Il 

( rs  - j 00  L2) 
_J^L1+  rs2+to2L22 

(4-37) 

Because  of  the  large  number  of  variables  involved,  a general  analysis  is  diffi- 
cult and  attention  is  confined  to  two  particular  cases  often  met  in  practice.  The 
first  of  these  is  when  the  secondary  winding  inductive  reactance  is  large  com- 
pared to  the  secondary  load  resistance;  the  second,  when  the  secondary  load 
resistance  is  large  compared  to  the  secondary  winding  reactance.  When 
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u:L2  3rs,  Equation  (4-37)  simplifies  to: 


Li 

c 2;.c.  - Xl;«  h k2  — % 


■i+.j 


. U)L2 


W) 


;(4-3S) 


* * H ^ F7WWfM3MT  r “ 

(4-39) 


For  the  prescribed  relative  values  of  u;L2  and  rs,  Equation  (4-36)  can  be 
approximated  as: 


V2  » -Ii 


Mrs  /90°-tan-l  ICL2 

L2  L EL_ 


-h  r,>°°  -t™'1 


-1  C0L2 
rs 


(4-40) 


The  primary -to -secondary  voltage  ratio  is  then: 


V2 

Vi 


ki/i  + a£M2  TTHTy 

I rg2  \ k2  / 


/^0°-tan-1  -tan-1  ^-2 

rs  . rs  V k2  / 


(4-41) 


The  resistance  reflected  into  the  primary  terminals  due  to  rs  is: 

lY 


R, 


= 

\ v2 


rs 


k2  Li 

L2 


1 + 


0)2L22  ( l-k2\2 


rs" 


(4-42) 


For  the  simple  case  where  k approaches  closely  to  1,  Equations (4 -41)  and  (4-42) 
become: 

’90°  -tan"1 

rs 


V2  -/ET  / ' 

V!  LX  L~ 

£2  k 

ni  L— 


^90°  -tan"1  ^2- 


and 


nl 

Li 

Rs  = rs  —z 


*s 


(4-43) 


= rc 


ni\' 


“ l n2  ) 


(4-44) 
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For  the  stipulated  ratio  of  60 L2  to  rg,  the  phase  angle  of  the  transformer  then 
approaches  closely  to  the  ideal  value  of  180  degrees,  the  phase  error  being 
+18  degrees  or  less,  and  the  impedance  transforming  ratio  is  simply  related 
to  the  inductance  ratio  of  the  windings.  However,  these  are  idealized  relation- 
ships, and  even  small  deviations  of  k from  a value  of  unity  can  have  an  appreci- 
able effect  on  the  transformer  action,  particularly  insofar  as  the  phase  angle 
of  the  transformer  is  concerned.  This  can  be  illustrated  by  the  calculations 
presented  in  Table  4-1.  These  calculations  are  for  a ratio  of  6oL2/rs  equal  to 
3 and  show  that  both  the  phase  and  voltage  ratio  errors  are  reasonably  small 
when  k is  0.9  or  larger,  but  are  appreciable  when  k is  0.85  and  large  when  k 
falls  below  0.8.  The  voltage  ratio  error  as  k decreases  is  not  of  great  signifi- 
cance since  the  correct  transformation  ratio  could  be  obtained  by  suitably 
adjusting  the  turns  ratio,  but  the  large  phase  error  for  k less  than  0.9  is  un- 
desirable if  the  transformer  is  used  in  the  oscillator  loop. 


TABLE  4-1.  TRANSFORMER  PHASE  ANGLE  AND  VOLTAGE  RATIO  AS 
A FUNCTION  OF  THE  COUPLING  FACTOR  k 


= 3 

rs 

, -1  WL2  0 

, tan  = 72 

’ rs 

k 

•“-1  ^ e#) 

(Degrees) 

Transformer 
Phase  Angle 
(Referenced  to  180°) 

Voltage 

Transformation 
Error  (%) 

0.9 

35 

-17 

- 9 

0.85 

49 

-31 

-23 

0.8 

59 

-41 

-36 

0.75 

67 

-49 

-43 

0.7 

72 

-54 

-56 

Normally,  the  amplifier  circuit,  in  addition  to  its  nominal  zero  or  180- 
degree  phase  shift,  will  have  a phase  lag  between  input  and  output  due  to  the 
inherent  time  delay  of  signals  passing  between  input  and  output.  At  low  fre- 
quencies this  will  be  negligible,  but  at  high  frequencies  the  phase  lag  may  be 
appreciable,  particularly  in  transistor  amplifiers.  If  anything,  therefore,  it 
is  desirable  that  the  impedance  transforming  network  should  contribute  a phase 
lead  rather  than  an  appreciable  lag,  as  is  the  case  for  an  inductive  transformer 
with  a coupling  coefficient  of  less  than  0.9. 
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It  is  therefore  necessary  to  minimize  the  transformer  phase  lag  by  mak- 
ing the  coupling  as  close  as  possible.  At  frequencies  below,  say,  10  MC, 
coupling  coefficients  of  0.9  or  larger  can  be  achieved  relatively  easily  using 
high  permeability  toroidal  cores  (tk,  = 400  or  larger),  if  intimate  contact  be- 
tween windings  occurs.  This  generally  entails  minimizing  the  spread  of  the 
windings  around  the  core  and  winding  one  of  the  windings  tightly  over  the  other. 
At  the  low  radio  frequencies  and  audio  frequencies,  even  these  precautions  are 
frequently  unnecessary  when  high  permeability  toroidal  or  pot  cores  are  used. 
The  flux  external  to  the  core  is  then  often  negligible,  permitting  the  windings  to 
be  distributed  around  the  core. 


At  frequencies  above,  say,  10  MC,  however,  the  losses  occurring  in  the 
high  permeability  cores  may  often  be  prohibitively  large,  making  their  use  un- 
feasible. An  example  of  this  would  be  a transformer  connected  to  the  output  of 
the  amplifier  for  the  purpose  of  impedance  level  matching  to  a crystal  unit, 
where  the  loading  of  the  amplifier  due  to  the  transformer  losses  may  be  as  large 
as  that  due  to  the  oscillator  external  load. 

The  cores  suitable  for  use  above  10  or  20  MC  have  a lower  permeability, 
increasing  the  likelihood  of  flux  leakage  and  the  difficulty  of  approaching  a coup- 
ling coefficient  of  0.9.  If  the  terminating  resistance  levels  are  relatively  low, 
it  is  sometimes  possible  to  achieve  this  degree  of  coupling  by  placing  the 
windings  on  the  core  in  the  form  of  a group  of  wires  tightly  twisted  together;  the 
primary  and  secondary  windings  then  being  made  up  of  several  of  these  individual 
windings  connected  in  series  or,  in  some  cases,  in  parallel.  This  is  the 
technique  used  in  broadband  transformer  design  which  is  essentially  an  extension 
of  the  bifilar  method  of  obtaining  close  coupling. 


It  should  be  emphasized  that  the  values  given  in  Table  4-1  are  for  a ratio 
of  a)L2  to  rs  of  3.  If  this  ratio  is  made  larger,  the  phase  and  voltage  transforma- 
tion errors  will  increase  for  a given  coefficient  of  coupling.  Therefore,  the 
optimum  design  condition  is  it)L2  equal  to  3 rs. 


The  second  case  considered  occurs  when  the  load  applied  to  the  transformer 
secondary  is  large  compared  to  the  secondary  winding  reactance.  When  rs  s 
3 toL2,  Equation  (4-37)  simplifies  to: 


Vi 


If 


OJ2M2 

rs 


+ j coL]_ 


k2w2L2  \ 
rs2  / 
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(4-45) 
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The  secondary  output  voltage  is: 

Zqn°-ton'l  WL2 
tan  — 


Then 


Tan 


V2 
Vi  ’ 

-1  0)  L2 


z"' 


, -1  0)L2  a.  -1 

-tan  - - tan 

rs 


rs 


k2tuL2 


(4-46) 

(4-47) 


rs 

tion,  while  tan 


will  always  be  less  than  or  equal  to  18  degrees  for  the  given  condi- 
—1  rs 

will  be  between  72  and  90  degrees.  The  maximum 


k2a)L2 

input -output  voltage  deviation  from  180  degrees  is  therefore  -18u  which  occurs 
when  rs  = 3 10L2  and  k«  1,  decreasing  as  rs  increases  relative  to  C0L2.  The 
transformer  phase  angle  is  therefore  always  close  to  ideal.  The  resistance 
reflected  across  the  primary  winding  terminals  due  to  rs  is: 


_L 

k2  \n2/S 


(4-48) 


The  parallel  reactive  component  across  the  input  terminals  is  approximately 
equal  to  ouLq. 


4-6.  THE  AUTOTRANSFORMER 


The  network  to  be  analyzed  is  shown  in  Figure  4-7  where: 

Lq  is  the  inductance  between  the  input  terminal  and  the  tap  point. 

L2  is  the  inductance  common  to  both  input  and  output  circuits. 

M is  the  mutual  inductance  of  Lq  and  L2. 

k is  the  coupling  coefficient  of  the  windings. 
rs  is  the  load  resistance. 

M,  k,  Lq,  and  L2  are  related  by  the  expression: 

= k J Ll  ■ L2 


M 


(4-49) 


o 
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Figure  4-7.  Autotransformer  Relationships 

The  relationship  between  Li  and  L2  and  their  respective  number  of  turns,  n^ 
and  no,  is: 

l2  \ n2  / A 

The  resistance  of  the  windings  is  considered  to  be  small  compared  to  the 
driving  source  resistance  and  rs'.' 


The  equations  for  the  circuit  of  Figure  4-7  are: 

VX  = Ii  j to  [Ll  + L21  + 2M  j - J2  j to  [l2  + m] 
l2  [rs  + i wL2]  = h j ^ [l2  + M] 

v2  = l2  rs 


Therefore: 


and: 


!1  “ l2 
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Li'+  L2  + 2M 
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Vl  _ rs  + j to  L2 
V2  ~ rs 


Li  + L2  + 2M 


L2  + M 
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(L2  + M)} 


- 

rs 


[l2  +m] 


Lf  + L2  + 2M 
L2  + M 


1 + 


j^L2 

rS 


1 + L 2/  \L2  + M 
Li  + L2  + 2M 


(4-50) 

(4-51) 

(4-52) 

(4-53) 

(4-54) 

(4-55) 

(4-56) 
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For  the  simple  case  where  k approaches  closely  to  1, 
reduce  to: 


Equations  (4^57)  or  (4-58) 
(4 “59) 


The  accuracy  of  Equation  (4-59)  as  an  approximation  for  Equations  (4-57)  or 
(4-58)  not  only  depends  on  how  closely  k approaches  unity,  but  also  on  the  rela- 
tive values  of  Li  and  L2.  This  is  illustrated  in  the  plots  of  Figure  4-8,  where  a 
comparison  is  made  of  the  actual  voltage  ratio  magnitude  I ^2  to  the  idealized 

V 2 * V1 

ratio  — for  various  values  of  k and  for  tcL2/rs  equal  to  3 , These  plots  show 

VI 

that  for  o.'L2/rs  equal  to  3,  Equation  (4-59)  can  only  be  regarded  as  a suitable 
design  equation  when  k is  0.  9 or  larger  or,  for  lower  values  of  k,  when  L1/L2 
is  less  than  1. 


The  phase  angle  of  V2  relative  to  Vi  is  also  plotted  in  Figure  4-8.  These 
curves  show  that  the  phase  lag  is  undesirably  large  when  k is  less  than  0.9, 
except  when  L1/L2  is  less  than  1.  These  curves  are  for  coL2/rs  equal  to  3; 
smaller  values  of  this  ratio  will  give  a lower  voltage  ratio  error  and  phase  lag, 
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Figure  4-8.  Autotransformer  Voltage  Ratio  Error  and  Phase 
Angle  Relative  to  the  Ideal  Case  When  k = 1 


and  a larger  ratio  will  increase  the  voltage  ratio  error  and  the  phase  lag.  When 
using  the  autotransformer  as  a feedback  element,  it  is  therefore  good  practice 
to  minimize  the  ratio  ool^/rg  as  much  as  possible  consistent  with  not  presenting 
too  low  an  inductive  reactance  to  the  preceding  circuit. 


The  autotransformer  input  impedance  is  obtained  from  Equations  (4-50) 
and  (4-51)  as: 


Z 


Vl 

~ = 


Li  + L2  + 2M 


Lj  + L2  + 2M) 

1 ■ Cs 
1 J tuL2 


(4-60) 


For  the  extreme  condition  when 
rs  « u>L2, 

this  reduces  to: 


(4-61) 
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and  for  rs»a.'L2: 


C0L2 

rs 


0 

u!  (k 


Lf  + L2  + 2M) 


+ jd.'  (L^  + L2  + 2M) 


ju>  (L^  + L2  + 2M) 


(4-62) 


The  parallel  input  resistive  component  due  to  rs  is: 


For  the  ease  where  k approaches  closely  to  1,  this  becomes: 


(4-63) 


(4-64) 


A simplification  of  the  voltage  ratio  expression  is  also  obtained  when 
Then: 


vx  = _l_  Ihx 

V2  k2  4 L2 


ja.'L2 

1 + LT± 
rs 


(1  -k2) 


(4-65) 


The  autotransformer  does  not  appear  to  offer  any  advantages  over  the 
two-winding  transformer,  except  possibly  when  the  impedance  transformation 
ratio  required  is  small. 


4^7.  WIEN  BRIDGE  NETWORK 


The  Wien  Bridge  network  has  frequency  selective  properties  that  may  be 
useful  in  low-frequency  oscillators.  The  network  is  shown  in  Figure  4-9. 


134 


The  equations  for  this  circuit  are: 


Vi 


Vin  = II 

R + -77  + 

1 + jO  CR 

(4-66) 

Vo  = U 

R 

(4-67) 

1 + jo  CR 

Vb  6 

R 

in 


(1  + jO  CB)  (R  + 77777  + R 


30!  C 1 + jo  CR 


(4-68) 


where 


U2  Ll 

s+J‘5'-5> 


O = 


1 

CR 


(4-69) 


At  Os  - o , the  reactive  component  in  the  denominator  is  zero  and: 

Vo  1 
Tn 


(4-70) 


At  angular  frequencies  in  the  vicinity  of  o ' , the  response  is  similar  to  that  of  a 
tuned  circuit. 

The  vector  relationships  within  the  network  at  angular  frequency  O^can 
be  determined  by  noting  that: 


R = 


jo  C 


and  therefore: 

1 12 

Figure  4-10  shows  the  vector  diagram  for  the  network  at  o = o7. 


(4-71) 


(4-72) 
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Figure  4-10.  Wien  Bridge  Network  Vector  Diagram 
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The  input  impedance  is: 

7 = lin  - 3 

in  Ix  2 


H (1  - j) 


Or  transforming  to  parallel  elements,  the  parallel  resistance  is: 


R'  = 3 R 


(4-73) 


(4-74) 


and  the  parallel  capacitive  reactance  is: 
X'c  - 3 E 


(4-75) 


This  analysis  is  for  one  particular  case  of  this  type  of  network.  If  the 
network  is  analyzed  in  its  general  form  where  Ri  and  C\  are  the  series  elements 
and  R2  and  C2  are  the  parallel  elements,  the  input  and  output  voltages  are  in 
phase  when: 


C1C2R1R2 


(4-76) 


VQ 

The  relationship  between  tt — at  zero  phase  angle  is: 


vm 


Vo 

Vin 


B2 


Rf  + R2 


(4-77) 
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SECTION  5 

GENERAL  OSCILLATOR  TOPICS 
5-1.  OSCILLATOR  FREQUENCY  TOLERANCE 

The  oscillator  overall  frequency  tolerance  depends  on  the  conditions  of 
usage.  If  the  service  conditions  are  such  that  the  oscillator  can  be  readjusted 
to  frequency  periodically  and  whenever  a tube,  transistor,  crystal  unit  or  other 
oscillator  component  is  replaced,  the  oscillator  overall  frequency  tolerance  can 
generally  be  made  less  than  that  of  the  crystal  unit,  since  the  crystal  unit  fabri- 
cation tolerance  can  then  be  cancelled.  If,  as  is  very  often  the  case,  it  will  be 
impractical  or  undesirable  to  readjust  the  oscillator  to  nominal  frequency  after 
the  initial  adjustment,  the  oscillator  overall  frequency  tolerance  will  inevitably 
be  wider  than  that  of  the  crystal  unit  alone,  particularly  if  many  oscillators  are 
to  be  used.  For  this  condition  of  operation  it  is  entirely  possible  that  crystal 
units  exhibiting  the  maximum  permitted  frequency  deviation  from  nominal  will 
be  used  in  some  of  the  oscillators,  and  circuit  variations  with  temperature, 
supply  power,  or  load  variations,  etc.  will  then  widen  the  oscillator  tolerance 
beyond  that  of  the  crystal  unit. 

This  latter  condition  of  service  is  the  one  most  frequently  encountered; 
and  in  order  to  obtain  the  minimum  oscillator  overall  frequency  tolerance,  cer- 
tain conditions  must  be  met  in  the  design.  One  of  the  major  causes  of  an  exces- 
sive overall  frequency  tolerance  and  one  that  can  easily  be  avoided  concerns  the 
initial  adjustment  of  the  oscillator.  It  is  frequently  found  that  the  oscillator  is 
mistuned  or  adjusted  to  give  an  output  frequency  equal  to  the  nominal  design 
frequency.  If  the  particular  crystal  unit  employed  during  this  initial  adjustment 
has  a frequency  characteristic  which  is  off-centered  within  its  overall  frequency 
tolerance,  it  is  possible  that  the  oscillator  tolerance  will  be  appreciably  widened 
if  another  crystal  unit  is  substituted  at  some  future  time.  This  can  be  illustrated 
by  an  extreme  example  using  Figure  5-1. 

Figure  5-1  shows  the  frequency-versus-temperature  characteristics 
of  two  crystal  units  A and  B of  the  same  type  and  nominal  frequency.  Each  one 
just  meets  the  overall  frequency  tolerance  of  ±50  PPM  due  to  the  offset  caused 
by  the  fabrication  tolerance  of  the  crystal  units.  These  characteristics  and  the 
frequency  tolerance  are  typical  of  the  AT  cut  crystal  unit  commonly  used  at  all 
frequencies  above  800  KC.  , 

If  crystal  unit  A was  used  for  the  initial  oscillator  adjustment  and  the 
circuit  tuned  to  oscillate  at  the  crystal  unit  nominal  frequency  fQ  at  room  tem- 
perature, the  oscillator  frequency  variation  with  temperature  will  then  be  as 
shown  by  curve  A-*-,  assuming  no  variation  due  to  the  other  oscillator  components. 
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(PPM) 


Figure  5-1 . Effect  of  Pulling  Oscillator  to  Crystal  Nominal  Frequency 


If  crystal  unit  A is  now  replaced  by  unit  B without  readjusting  the  cir- 
cuit, the  frequency  offset  introduced  initially  will  now  cause  the  oscillator  fre- 
quency to  follow  curve  over  the  temperature  range,  again  assuming  no  var- 
iation due  to  the  effects  of  temperature  on  other  oscillator  components.  The 
oscillator  tolerance  is  now  increased  by  50  percent  relative  to  that  of  the  crys- 
tal unit.  This  may  be  further  increased  by  the  effect  of  temperature  and  other 
variables  on  the  other  oscillator  circuit  components. 

This  is  an  extreme  example  and,  although  possible,  it  is  not  possible 
that  the  effect  will  be  so  severe.  Nevertheless,  an  appreciable  unnecessary 
increase  in  oscillator  overall  frequency  tolerance  is  likely  to  occur  when  this 
method  of  initially  tuning  the  oscillator  is  used.  The  correct  method  is  to 


initially  adjust  the  oscillator  to  the  actual  crystal  unit  resonance  frequency. 
There  will  then  be  no  frequency  offset,  and  the  sole  cause  of  the  increase  in 
oscillator  tolerance  relative  to  that  of  the  crystal  will  be  component  variation 
in  the  remainder  of  the  oscillator  circuit. 

It  is  not  always  desirable  to  measure  the  frequency  of  each  crystal  unit, 
and  the  necessity  for  this  can  be  obviated  if  one  crystal  unit  of  known  character- 
istics is  used  as  a standard  for  initially  adjusting  all  oscillators.  The  frequency 
offset  or  miscorrelation,  when  the  crystal  units  intended  for  use  with  the  oscil- 
lators are  inserted  in  circuit,  will  then  be  less  than  5 PPM  and  typically  less 
than  2 PPM.  It  is  good  practice  to  determine  the  extent  of  this  effect  during  the 
oscillator  design  evaluation  stage  by  measuring  the  frequency  miscorrelation 
for  several  known  crystal  units,  preferably  having  a wide  range  of  equivalent 
resistance. 

The  effect  could  be  much  worse  in  low  frequency  oscillators  because 
of  the  parabolic  temperature  characteristic  of  the  crystal  units  employed  below 
500  KC.  Similar  reasoning  to  the  above  indicates  that  tuning  the  oscillator  to 
nominal  frequency  could  lead  to  an  increase  of  100  percent  in  the  oscillator 
tolerance  over  that  of  the  crystal  unit  if  a subsequent  crystal  unit  change  was 
made  without  a tuning  readjustment. 

Other  effects  that  will  cause  the  oscillator  frequency  to  deviate  from 
that  of  the  crystal  unit  are: 

(a)  Changes  in  loop  gain  will  cause  variations  in  crystal  unit  dissipa- 
tion. This  may  cause  frequency  variations  of  from  0.5  to  5 PPM 
per  milliwatt  change  in  dissipation,  depending  on  crystal  unit  type. 

One  of  the  major  causes  of  loop  gain  change  is  the  wide  range  of 
crystal  unit  equivalent  resistance.  Loop  gain  differences  of 
several  times  can  be  expected  between  several  oscillators  of  the 
same  type  because  of  this  variation  between  crystal  units.  Con- 
sequently, oscillator  and  crystal  unit  frequency  miscorrelation  of 
several  parts  per  million  can  be  expected  if  several  crystal  units 
are  interchanged  in  an  oscillator  circuit. 

<b)  Changes  in  loop  phase  angle  due  to  component  changes  other  than 
the  crystal  will  require  a complementary  phase  change  by  the 
crystal  unit  and  hence  a change  in  oscillator  frequency.  In  a 
series  resonance  oscillator  the  most  likely  causes  of  circuit  phase 
changes  will  be  the  amplifier  decoupling  networks  and  the  ampli- 
fier tank  circuit  when  one  is  used.  Decoupling  network  time  con- 
stants should  always  be  large  compared  to  the  design  frequency 
period  to  minimize  the  effect  of  component  change  with  tempera- 
ture, etc.  Amplifier  tank  circuits  should,  where  possible,  be 
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operated  under  conditions  of  low  loaded  Q.  This  will  tend  to  make 
the  phase  angle  of  the  loaded  tuned  circuit  less  sensitive  to  tem- 
perature, thereby  reducing  the  amplifier  phase  angle  variation  that 
will  occur  over  the  operating  temperature  range.  When  the  ampli- 
fier tank  circuit  loaded  Q is  low,  the  oscillator  output  is  likely  to 
have  an  appreciable  harmonic  content.  This  may  conflict  with 
oscillator  output  frequency  purity  requirements  and  a compromise 
will  then  be  required  or,  alternatively,  the  use  of  further  filtering. 
This  should  not  apply  in  the  majority  of  applications  where  the 
oscillator  normally  feeds  a non-linear  load  such  as  a mixer,  class 
B amplifier  or  harmonic  generator.  The  non-linear  operation  of 
these  circuits  will  automatically  generate  harmonic  components, 
and  the  oscillator  output  components  will  be  of  little  consequence. 

It  is  also  desirable  in  those  oscillators  using  a tuned  amplifier 
load  that  the  tank  circuit  should  tune  to  resonance  at  the  crystal 
frequency.  If  this  is  not  the  case  the  amplifier  will  be  operating 
on  the  slope  of  the  resonance  curve  and,  in  addition  to  the  unde- 
sired resultant  phase  angle,  there  will  be  a possibility  of  loop  gain 
variation  due  to  variations  of  the  tuning  capacitor  and  inductor 
with  temperature.  This  is  also  desirable  from  the  viewpoint  of 
field  maintenance.  When  a crystal  unit,  tube,  or  transistor  is 
substituted,  there  will  inevitably  be  a change  in  the  oscillator 
tuning  due  to  the  difference  in  parasitic  reactance,  gain  or  resist- 
ance of  the  component  changed. 

In  circuits  where  the  amplifier  is  tuned  to  resonance,  it  is  found 
that  good  correlation  between  crystal  unit  and  oscillators  can  be 
maintained  simply  by  tuning  to  maximum  oscillator  output  voltage; 
an  adjustment  process  requiring  only  a VTVM,  All  the  design 
examples  presented  subsequently  that  employ  an  amplifier  tank 
circuit  were  adjusted  in  this  manner. 

In  an  anti-resonant  oscillator,  the  total  load  capacitance  seen  by 
the  crystal  unit  can  also  contribute  appreciably  to  the  oscillator 
frequency  instability.  In  the  0.8  to  20  MC  range,  for  example, 
a change  of  1 PF  in  the  nominal  loading  capacitance  value  of  32 
PF  of  a CR-18A/U  crystal  unit  can  cause  a change  in  oscillator 
frequency  of  from  3 to  10  PPM.  In  a well  designed  oscillator  of 
this  tjrpe,  a capacitor  network  usually  contributes  the  greater 
part  of  the  crystal  loading  capacitance,  and  that  contributed  by 
the  amplifier  circuit  is  made  as  small  as  possible  in  order  to 
minimize  the  effect  of  its  variation.  To  further  reduce  the  oscil- 
lator frequency  variation,  it  is  desirable  that  the  capacitor  net- 
work should  be  constructed  of  low  temperature  coefficient  capacitors. 


(d)  Power  supply  and  oscillator  external  load  variations  will  also 

cause  a change  of  oscillator  frequency.  The  effect  of  these  varia- 
tions on  the  oscillator  frequency  is  usually  small,  and  their  major 
effect  is  on  the  oscillator  output  voltage  and  power.  The  oscillator 
output  voltage  can  be  expected  to  change  in  direct  proportion  to  the 
change  in  supply  voltage  and  external  load. 

5-2.  Oscillator  Circuit  Layout  and  Component  Frequency  Dependent 

Behavior 

N 

Few  precautions  are  required  when  designing  an  oscillator  at  frequencies 
below  a few  megacycles.  The  oscillator  circuit  layout  is  not  very  critical,  and 
no  particular  attention  need  be  paid  to  the  positioning  of  components.  Capacitors 
and  resistors  will  behave  as  expected,  and  measuring  equipment  input  impedance 
is  usually  sufficiently  high  (or  can  easily  be  made  so)  so  that  circuit  measure- 
ments can  be  made  without  influencing  the  oscillator  performance. 

At  frequencies  above  20  MC,  the  characteristics  of  the  various  compo- 
nents of  an  oscillator  begin  to  be  frequency -dependent  due  to  the  presence  of 
parasitic  reactance  in  its  various  forms.  Circuit  layout  is  also  more  critical 
for  the  same  reasons  and  may  be  the  determining  factor  in  the  level  of  perform- 
ance that  can  be  attained.  Further,  measurements  become  more  difficult  to 
make  with  any  assurance  of  a reasonable  accuracy.  These  effects  are  relatively 
mild  at  the  lower  frequencies  and  become  worse  as  the  frequency  increases. 

The  prerequisite  for  design  is  to  know  the  characteristics  of  the  test 
equipment  that  will  be  used  and  to  appreciate  its  influence  on  the  circuit  under 
test.  It  is  not  always  sufficient  to  rely  on  manufacturers'  specifications,  since 
aging  and  other  factors  may  degrade  performance  considerably.  As  an  example, 
one  vacuum-tube  voltmeter  used  during  early  design  evaluations  had  a parallel 
input  resistance  of  a few  hundred  ohms  in  addition  to  the  specified  capacitance  of 
3 PF  at  200  MC,  making  high  impedance  measurements  meaningless.  Another 
vacuum-tube  voltmeter  had  a parallel  input  resistance  of  5 K at  150  MC  until  the 
detector  diode  was  changed,  after  which  the  parallel  input  resistance  increased 
to  over  25  K.  Effects  of  this  nature  considerably  influence  the  interpretation  of 
measurements  and  should  be  constantly  kept  in  mind.  Similarly,  circuit  com- 
ponents are  likely  to  differ  considerably  from  their  nominal  values.  Mica  capa- 
citors of  nominal  value  exceeding  10  PF  cannot  be  relied  on  to  have  an  actual 
capacitance  approaching  the  nominal  value  at  the  higher  frequencies  because  of 
lead  inductance.  This  effect  can  be  important,  particularly  in  impedance  trans- 
forming networks.  Carbon  resistors  also  vary  considerably  from  |their  nominal 
values,  as  shown  in  Figure  5-2.  The  deviation  is  particularly  large  for  resistor 
values  greater  than  2 K and  less  than  40  ohms.  These  characteristics  are  those 
of  a widely  used  make  of  1/2  watt  resistor.  The  same  make  of  1/4  watt  resistor 
exhibits  essentially  similar  frequency  characteristics.  In  many  cases  this 
effect  will  be  of  little  consequence;  for  example,  in  decoupling  networks,  etc. 
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In.  other  instances,' such  as  using  a resistor  to  load  the  oscillator  for  test  purposes, 
it  will  be  essential  to  know  the  actual  value  of  resistance  with  reasonable  accuracy. 

Circuit  wiring  will  also  influence  the  performance  of  these  elements. 

It  is  of  little  use  to  employ  a component  with  a desired  characteristic  if  the  com- 
ponent will  be  wired  into  the  circuit  with  long  lead  lengths.  One  inch  of  20-gauge 
wire  has  a self-inductance  of  approximately  0.02  UH,  corresponding  to  a react- 
ance of  25  ohms  at  200  MC.  When  working  at  low  impedance  levels,  this  induct- 
ance can  have  appreciable  effect  on  circuit  performance.  Long  lead  lengths  also 
increase  mutual  inductive  coupling  (the  effects  of  which  are  more  difficult  to 
interpret)  and  stray  capacitive  coupling  (which  will  have  a maximum  effect  at 
high  impedance  points  of  the  circuit). 

When  designing  at  high  frequencies, because  of  the  possible  wide  devia- 
tions from  nominal  of  the  components  that  will  be  used  in  the  oscillator,  it  is 
advisable  to  measure  the  component  values  at  the  particular  operating  frequency 
to  insure  that  design  conditions  are  being  fulfilled.  In  fact,  the  experiences  of 
this  program  suggest  that  impedance  measuring  equipment  is  essential  to  the 
design  effort  at  the  high  frequencies.  Throughout  that  part  of  the  program  deal- 
ing with  high-frequency  oscillators,  an  RX  meter  was  in  constant  use  and  proved 
invaluable  in  aiding  the  design  effort. 

The  circuit  layout  problems  posed  during  initial  experimental  design 
evaluation  are  somewhat  different  from  those  in  a final  design.  It  will  be  nec- 
essary to  take  measurements  and  change  components  in  the  circuit  to  evaluate 
the  performance,  while  this  will  not  be  necessary  in  the  final  design.  A more 
open  construction  is  therefore  necessary  initially,  to  allow  access  for  voltage 
measuring  probes  and  to  facilitate  the  changing  of  components.  Figure  5-3 
shows  photographs  of  the  layouts  used  for  all  the  high-frequency  oscillator  test 
circuits  evaluated  during  this  program.  In  these  layouts  the  output  and  input 
circuits  were  separated  by. the  shield  extending  across  the  chassis.  This  shield 
is  not  essential;  it  was  included  during  the  early  evaluations  as  an  additional 
safeguard  and,  since  the  layout  met  the  measurement  needs,  it  was  used  through- 
out the  high-frequency  design  program. 

5-3.  INITIAL  DESIGN  INFORMATION 

Prior  to  the  design  of  an  oscillator,  a specification  is  written  fixing  the 
oscillator  performance  requirements.  These  requirements  are  normally  speci- 
fied in  the  following  form-: 

(a)  The  frequency  of  oscillation,  the  frequency  tolerance,  and  the 
frequency  stability  required  of  the  oscillator  when  subjected  to 
a certain  range  of  environmental  stress,  to  specified  variations 
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Figure  5-3.  High-Frequency  Oscillators,  Input  and  Output  Circuits 


in  oscillator  loading,  and  to  permissible  power  source  varia- 
tions. The  minimum  time  period  between  readjustment  of 
oscillator  frequency  to  compensate  for  frequency  drifts  due 
to  aging  and  the  maximum  harmonic  output  may  also  be 
specified. 

(b)  The  power  output  and  its  variation,  when  subjected  to.  a certain 
range  of  environmental  stress,  specified  variations  in  oscilla- 
tor loading,  and  permissible  power  source  variations, 

(c)  The  load  impedance  into  which  the  oscillator  will  work.  In 
some  instances  the  load  will  be  a mixer  circuit  or  other  non- 
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linear  input  impedance  circuit,  and,  in  this  case,  the  load 
impedance  is  likely  to  be  only  vaguely  defined. 

(d)  The  permissible  input  power,  the  DC  input  voltage  level,  and  the 
expected  range  of  variation. 

(e)  The  physical  size  of  the  oscillator. 

In  addition,  the  type  of  active  device  (that  is,  tube  or  transistor)  and 
the  maximum  cost  may  be  specified. 

The  task  facing  the  designer  is  to  meet  all  of  the  design  requirements 
and,  when  a quantity  of  oscillators  are  to  be  built,  to  ensure  that  compliance  is 
maintained  when  the  likely  range  of  variables  such  as  amplifier  gain,  component ' 
tolerances,  and  crystal  equivalent  resistance  are  encountered.  The  following 
guidelines  may  be  useful  in  making  a preliminary  assessment  of  design  feasibility. 

The  causes  of  oscillator  frequency  instability  have  already  been  detailed 
in  Paragraph  5-1,  together  with  the  precautions  required  to  minimize  this  effect. 
As  a general  rule  when  many  oscillators  are  to  be  constructed,  the  oscillator 
overall  frequency  tolerance  is  likely  to  be  ±10  to  ±15  PPM  wider  than  that  of  the 
crystal  unit,  provided  reasonable  precautions  are  made  in  the  selection  of  com- 
ponents. If  oscillator  adjustments  are  permissible  when  any  maintenance  changes 
are  necessary,  this  tolerance  will  decrease  to  possible  50  percent  of  the  crystal 
unit  tolerance. 

The  oscillator  power  output  is  a function  of  the  power  supply  voltage, 
the  loop  gain,  and  the  oscillator  external  load.  Because  of  the  possible  large 
variation  in  loop  gain  due  to  the  wide  range  of  crystal  equivalent  resistance  likely 
to  be  encountered,  the  power  output  differences  from  unit  to  unit  may  exceed  a 
ratio  of  4:1.  The  change  in  power  output  caused  by  supply  voltage  variations  will 
be  approximately  equal  to  the  square  of  the  supply  voltage  change. 

Ignoring  heater  power  requirements,  vacuum  tube  oscillators  are  gen- 
erally inefficient  in  converting  supply  power  to  oscillator  output  power.  Crystal 
unit  power  dissipation  usually  limits  the  plate  voltage  swing  to  a fraction  of  the 
DC  plate  voltage,  and  plate  current  levels  are  frequently  dictated  by  considera- 
tion of  maximizing  the  amplifier  gain.  This  is  particularly  the  case  at  design 
frequencies  above  20  MC  where  high  transconductance,  and,  hence,  high  plate 
current  tubes  are  practically  essential.  Transistor  oscillators  can  be  designed 
to  give  power  conversion  efficiencies  of  30  to  40  percent,  allowing  for  adequate 
biasing  to  meet  wide  temperature  variations. 
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5-4. 


OSCILLATOR  DESIGN  PROCESS 


Based  on  the  design  specification,  a process  of  selection  is  necessary 
to  arrive  at  a final  design.  This  involves  the  selection  of: 

(a)  The  crystal  operating  condition.  At  frequencies  up  to  20  to  25 
MC,  there  is  a choice  between  operation  at  resonance  or  anti- 
resonance; at  higher  frequencies,  only  crystals  operating  at 
resonance  are  available.  Below  25  MC,  anti-resonance  crystal 
units  are  available  and  increase  the  number  of  oscillator  circuits 
from  which  a selection  can  be  made.  In  vacuum  tube  oscillators 
this  increase  is  applicable  throughout  the  range  of  1 KC  to  25  MC. 
In  transistor  oscillators,  however,  due  to  large  incompatibilities 
between  amplifier  and  crystal  characteristics,  anti-resonance 
oscillator  circuits  are  essentially  a variant  of  the  series  resonance 
circuits  below  90  KC. 

(b)  A particular  type  of  crystal  from  those  available  at  the  desired 
frequency  of  operation. 

(c)  The  oscillator  configuration. 

(d)  The  tube  or  transistor  characteristics . 

(e)  A particular  tube  or  transistor  type. 

(f)  The  type  of  impedance  transforming  network  to  be  used. 

There  are  many  intangibles  involved  in  arriving  at  a final  design,  and 
there  is  no  single  method  of  approach  to  a particular  oscillator  design  that  can 
be  justifiably  claimed  as  the  optimum  one.  Li  each  of  the  major  design  steps 
listed  above  there  is  a wide  latitude  of  choice,  particularly  in  steps  (c)  through 
(f).  The  following  handbook  sections  consider  in  detail  the  individual  character- 
istics of  the  various  oscillator  components  in  relationship  to  one  another  in  a 
particular  frequency  range.  A detailed  design  procedure  is  then  arrived  at,  and 
design  examples  and  their  experimental  evaluation  data  presented.  This  experi- 
mental data  can  then  be  used  as  a guide  to  estimate  the  performance  capability 
of  the  various  oscillator  types. 
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SECTION  6 

VACUUM  TUBE  SERIES  RESONANCE  OSCILLATOR  DESIGN 


6-1.  GENERAL 

Vacuum  tube  series  type  oscillators  can  be  used  throughout  the  entire 
frequency  range  from  below  1 KC  to  200  MC.  Many  types  of  circuits  have  been 
developed  for  use  with  this  type  of  crystal  unit,  no  one  of  which  is  usable  through- 
out the  entire  range  due  to  the  wide  variation  of  crystal  unit  characteristics  en- 
countered in  the  frequency  range. 

One  circuit  that  is  usable  over  a wide  frequency  range,  when  a suitable 
tube  is  selected,  employs  a grounded  grid  amplifier  in  the  configuration  shown 
in  Figure  6-1  (a).  This  circuit  can  be  used  in  the  frequency  range  of  90  KC  to 
200  MC,  although  in  the  range  of  approximately  2 to  60  MC  an  additional  im- 
pedance transformer  is  required  between  the  crystal  unit  and  the  tube  cathode 
if  the  design  is  to  be  optimized. 

Below  90  KC,  the  oscillator  configuration  of  Figure  6-1  (a)  is  no  longer 
entirely  suitable  and  a more  useful  configuration  consists  of  a grounded  cathode 
amplifier  with  a phase  inverting  feedback  network,  as  shown  in  Figure  6-1  (b). 


Figure  6-1.  Series  Resonance  Oscillator  Configurations 
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This  configuration  can  be  used  throughout  the  range  of  1 KC  to  90  KC,  or  even 
500  KC,  although  at  frequencies  below  10  or  20  KC  the  size  or  weight  of  the 
inductor  required  to  give  the  impedance  transforming  and  phase  inverting  action 
may  be  unduly  large.  It  may  then  be  preferable  to  employ  another  amplifier 
stage  instead  of  the  impedance  transformer. 

There  are,  therefore,  three  more  or  less  distinct  frequency  ranges 
where  the  design  technique  changes  sufficiently  to  necessitate  a different  empha- 
sis, and  the  following  discussion  is  sub-divided  accordingly  into  three  parts 
dealing  with  design  in  the  90  to  200  MC,  10  to  100  KC,  and  1 KC  to  10  KC  ranges. 

The  discussion  is  given  entirely  in  terms  of  the  triode  amplifier  because 
of  the  simplicity  of  the  resulting  amplifier  circuit.  There  is  no  reason,  how- 
ever, why  pentode  or  tetrode  amplifier  circuits  cannot  be  used. 

6-2.  SERIES  RESONANCE  CRYSTAL  UNIT  CHARACTERISTICS,  90  TO 

200  MC  RANGE 

Table  6-1  gives  the  major  characteristics  of  the  military  standard  series 
resonance  crystal  units  in  the  frequency  range  of  200  KC  to  125  MC.  More  de- 
tailed specifications  are  given  in  MIL-C-3098,  Supplement  1.  There  are  no  pre- 
ferred series  resonance  crystal  units  in  the  90  to  200  KC  range,  but  the  CR-37A/ 
U anti -resonance  type  can  be  used  as  the  equivalent  of  a series  crystal  unit  if  a 
20  PF  loading  capacitor  is  connected  in  series  with  the  crystal  unit.  This  type 
and  the  CR-42A/U  for  use  in  controlled  temperature  applications,  for  which  the 
appropriate  series  loading  capacitance  is  32  PF,  are  included  in  Table  6-1  with 
this  proviso.  Similarly,  there  are  no  military  crystal  units  for  the  frequency 
range  of  125  to  200  MC,  but  crystal  units  can  be  purchased  in  this  range  that  meet 
the  specifications  of  the  CR-54A/U,  CR-56A/U,  CR-80/U,  CR-82/Uor  CR-85/U 
types,  except  that  the  maximum  resonance  resistance  may  be  increased  to  80  or 
100  ohms. 

The  multiplicity  of  crystal  unit  types  in  certain  frequency  ranges  is  due 
partly  to  the  various  types  of  crystal  holders  employed  and  also  to  there  being 
usually  two  and  sometimes  three  different  frequency  tolerances.  In  the  majority 
of  cases  the  actual  quartz  element  is  the  same  for  all  the  various  types  at  a given 
frequency,  the  differences  being  either  the  crystal  holder  type  or  the  degree  of 
precision  employed  in  manufacturing  the  quartz  element. 

, The  maximum  resonance  resistance  of  crystal  units  varies  appreciably 
over  the  frequency  range  of  90  KC  to  200  MC,  particularly  at  frequencies  below 
20  MC.  This  variation  is  plotted  in  Figure  6-2  illustrating  the  rapid  change  of 
this  crystal  unit  characteristic  below  20  MC.  Only  the  maximum  value  of 
resonance  resistance  is  specified,  and  the  actual  resonance  resistance  of  indi- 
vidual crystal  units  varies  widely.  The  actual  range  of  values  likely  to  be 
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TABLE  6-1.  MILITARY  STANDARD  SERIES  RESONANCE  CRYSTAL  UNITS,  90  KC  TO  200  MC 


F requency 
Range 
(MC) 

Operating  Temperature 
Range  (Centigrade) 

Frequency 
Tolerance 
(±  Percent) 

Hated 

Drive 

(MW) 

Maximum 

Resonance 

Resistance 

(ohms) 

Crystal 

Unit 

Type 

Holder 

Type 

WIDE  TEMPER 

ATURE  RANGE.  CRYSTAL 

UNITS 

’* **0.08  to  0.2 

-40  to  +70 

0.01 

2 

2000  to  2500 

CR-1SB/U 

HC-21/U 

**0.  09  to  0, 25 

-40.  to  +70 

0.02 

2 

5000  to  5500 

CR-37A/U 

HC-13/U 

0.2  to  0.5 

-40  to  +85 

0.01 

2 

2500  to  7500 

CR-25A/U 

HC-6/U 

0.455 

-40  to  +70 

0.02 

2 

3300 

CR-45/U 

HC-6/U 

0.8  to  20 

-55  to  +105 

0.005 

10.  and  5 

520  to  15 

CR-19A/U 

HC-6/U 

0.8  to  20 

-55  to  +105 

0.0025 

10  and  5 

520  to  15 

CR-85/U 

HC-B/U 

5 to  20 

-55  to  +105 

0.005 

5 

50  to  20 

CR-60A/U 

HC-1B/U 

*10  to  61 

-55  to  +105 

0.005 

20 

40 

CR-51A/U 

HC-6/U 

10  to  61 

-55  to  +105 

0.005 

2 and  4 

40 

CR-52A/U 

HC-6/U 

*15  to  50 

-55  to  +105 

0.005 

2 

50  and  75 

CR-24/U 

HC-18/U 

17  to  01 

-55  to  +105 

0.005 

2 

40 

CR-55/U 

HC-18/U 

17  to  61 

-55  to  +105 

0.0025 

2 

40 

CR-67/U 

HC-18/U 

17  to  61 

-55  to  +105 

0.005 

2 

40 

CR-72/U 

HC-18/U 

17  to  61 

-55  to  +105 

0.0025 

2 

40 

CR-75/U 

HC-18/U 

17  to  62 

-55  to  +105 

0.002 

2 

40 

CR-77/U 

HC-25/U 

17  to  61 

-55  to  +105 

0.  005 

2 

40 

CR-81/U 

HC-25/U 

35  to  50 

CR-73/U 

*50  to  87 

-55  to  +105 

0.005 

20 

60 

CR-53A/U 

HC-6/U 

5 C to  1 25 

-55  to  +105 

0.005 

2 

50  and  60 

CR-54A/U 

HC-G/U 

50  to  125 

-55  to  +105 

0.005 

2 

50  and  60 

CR-56A/U 

HC-18/U 

50  to  125 

-55  to  +105 

0.002 

2 

50  and  60 

CR-80/U 

HC-18/U 

50  to  125 

-55  to  +105 

0.005 

2 

50  and  GO 

CR-82/U 

HC-25/U 

50  to  125 

-55  to  +105 

0.002 

2 

50  and  60 

CR-83/U 

HC-25/U 

Similar  to 

CR-54A/U, 

CR-56A/U 

125  to  200 

-55  to  +105 

0 . 005 

2 

80  to  100 

CR-BO/U,  CR-B2/U  or 

CR-B3/U 

TEMPEHATUR 

: CONTROLLED  CRYSTAL 

UNITS 

Hi 

*0.08  to  0.2 

70  to  80 

0,  002 

2 

2000  to  2500 

CR-30A/U 

KC-21/L* 

**0.09  to  0.25 

70  to  80 

0.003 

2 

4500  to  5000 

CR-42A/U 

HC-13/U 

0.2  to  0.5 

70  to  80 

0.002 

2 

2500  to  7500 

CR-26A/U 

HC-K/U 

0.8  to  20 

70  to  30 

0.002 

5 and  2.5 

520  to  15 

CR-28A/U 

HC-G/U 

0.8  to  20 

80  to  90 

0.002 

5 and  2.5 

520  to  15 

CR-35A/U 

HC-6/U 

10  to  61 

70  to  80 

0.001 

2 and  1 

60  and  40 

CR-65/U 

HC-6/U  ' 

10  to  75 

. 70  to  80 

,0.002 

2 and  1 

60  and  40 

CR-32A/U 

HC-6/U 

17  to  61 

80  to  90 

0.002 

2 and  1 

40 

CR-61/U 

HC-18/U 

17  to  6 1 

80  to  90 

0.002 

2 and  1 

40 

CR-84/U 

HC-25/U 

50  to  125 

80  to  90 

0.002 

1 

50  and  60 

CR-59A/U 

HC-18/U 

50  to  125 

70  to  80 

0.001 

i 

40 

CR-75/U 

HC-6/U 

* Special  Application 

**  Anti-resonance  Units  (see  text) 


(SWHO)  >° wSM  yo 


tpi072-79  FREQUENCY 


TPI072-80  FREQUENCY  (MC) 


Figure  6-2.  Variation  of  Crystal  Unit  Resonance  or  Series 
Resonance  Resistance  With  Frequency 
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encountered  will  probably  be  from  Rr  max  to  1/9  Rr  at  frequencies  below 
20  MC,  Rr  max  to  1/4  Rr  max  from  20  to  60.  MC,  and  Rr  max  to  1/3  Rr  max 
above  60  MC . 

For  almost  all  of  these  crystal  unit  types  the  shunt  capacitance  CG  is 
approximately  7 PF  and  is  generally  of  little  importance  insofar  as  oscillator 
design  is  concerned  at  frequencies  below  100  MC.  But  above  100  MC  C0  can 
degrade  the  crystal  unit  phase  shifting  capability,  since  the  ratio  of  Xc0  to  Ri 
is  then  small.  The  reactance  of  a 7 PF  capacitance  varies  from  230  ohms  at 
100  MC  to  114  ohms  at  200  MC,  while  the  crystal  series  arm  resistance  may, 
in  the  worst  case,  be  60  ohms  at  100  MC  and  100  ohms  at  200  MC. 

The  ratio  Xc0  to  Ri,  therefore,  lies  in  the  range  of  1 to  5.  The  analysis 
of  Paragraph  1-4  shows  that  the  crystal  unit  phase  shifting  capability  is  severely 
degraded  when  this  ratio  is  less  than  3.  At  frequencies  above  100  MC,  therefore, 
this  condition  is  either  being  approached  or  exceeded,  and  to  prevent  excessive 
degradation  of  the  crystal  unit  phase  shifting  capability  it  is  necessary  to 
neutralize  C0.  This  is  achieved  by  connecting  an  inductor,  which  resonates  with 
C0  at  the  crystal  unit  frequency,  in  parallel  with  the  crystal  unit.  The  value  of 
C0  at  the  operating  frequency  can  vary  appreciably  from  the  value  measured  at  low 
frequencies,  and  to  obtain  maximum  effect  C0  should  be  determined  at  a frequency 
close  to  the  operating  frequency,  but  sufficiently  lower  that  the  motional  arm  of 
the  crystal  unit  has  a negligible  effect  on  the  measurement.  A frequency  5 to  10 
percent  below  the  operating  frequency  is  usually  satisfactory. 

Complete  cancellation  of  C0  is  not  essential  since  the  object  is  simply  to 
increase  the  parallel  capacitive  reactance  to  a value  such  that  Xco  for  a worst- 

Ri 

case  crystal  will  be  larger  than,  say,  5.  Therefore,  an  inductance  which  re- 
sonates with  the  typical  value  of  Co  at  the  operating  frequency  will  suffice  for 
all  crystal  units  of  the  particular  type. 

The  Q of  the  inductor  should  be  sufficiently  large  that  its  effective  par- 
allel resistance  is  at  least  10  times  the  crystal  unit  series  resonance  resistance 
to  avoid  a degradation  of  the  crystal  unit  phase  shifting  capability  due  to  this 
cause.  This  is  not  a demanding  requirement  considering  the  low  value  of  R^  at 
these  frequencies,  and  frequently  the  inductor  is  constructed  in  the  form  of  a 
closely  spaced  single-layer  coil  wound  on  a 1/2  watt  carbon  resistor  of  3 to  10  K. 
nominal  value.  At  all  frequencies  below  100  MC  the  ratio  of  XcQ  to  R-^  is 

sufficiently  large  that  it  is  unnecessary  to  neutralize  the  crystal  unit  shunt 
capacitance. 

The  crystal  unit  power  dissipation  rating  also  varies  appreciably  as  a 
function  of  frequency.  At  frequencies  below  10  MC  the  rating  is  such  that  it 
does  not  appreciably  influence  the  oscillator  design.  Above  10  MC,  however,  it 
is  an  important  factor  as  the  subsequent  discussion  will  show. 
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6-3.  TRIODE  AMPLIFIER  CHARACTERISTICS 

The  basic  triode  amplifier  design  equations  are  given  in  Paragraph  3-5. 
These  appear  to  be  reasonably  accurate,  when  suitable  tube  types  are  employed, 
for  predicting  amplifier  small-signal  characteristics  at  all  frequencies  below 
50  or  60  MC,  using  parameter  values  derived  from  the  plate  characteristic 
curves  and  other  related  plots.  The  most  useful  of  these  plots  are  the  small- 
signal  transfer  characteristics  which  relate  U,  Rp,  and  gm  to  the  DC  plate  cur- 
rent and  voltage.  If  necessary,  however,  these  parameters  can  be  derived 
from  the  plate  characteristics  using  the  methods  given  in  the  majority  of  text- 
books dealing  with  vacuum  tube  amplifier  design. 

In  general,  for  this  type  of  oscillator  the  effect  of  the  tube  reactive 
elements  is  small  at  frequencies  below  60  MC,  provided  suitable  tube  types  are 
selected  at  the  higher  frequencies.  The  tube  can  therefore  be  treated  as  an 
essentially  resistive  device,  except,  of  course,  insofar  as  the  tube  plate 
capacitance  will  influence  the  plate  circuit  tuning. 

Above  50  or  60  MC,  judging  by  measurements  made  during  oscillator 
designs  and  evaluations,  the  accuracy  of  the  basic  amplifier  design  equations 
appears  to  gradually  decrease,  making  them  unsuitable  for  design  purposes. 

The  behavior  of  grounded  grid  triode  amplifiers  is  then  such  that  it  appears  as 
if  the  apparent  plate  resistance  of  the  tube  is  reduced  appreciably  below  the 
value  applying  at  low  frequencies.  The  effect  of  this  is  that, for  a given  plate 
load  resistance,  the  amplifier  voltage  gain  is  substantially  higher  and  the  input 
, resistance  lower  than  predicted  from  the  low  frequency  tube  characteristics. 

In  view  of  this  behavior,  the  most  suitable  method  of  design  is  to 
experimentally  determine  the  amplifier  characteristics  for  a variety  of  plate 
load  resistance  values.  The  method  employed  for  the  high-frequency  oscillator 
designed  for  this  handbook  was  to  use  an  RX  meter  as  the  amplifier  driving  source 
and  to  measure  the  voltage  gain  and  the  amplifier  input  impedance.  The  meas- 
uring technique  and  the  use  of  the  derived  data  forms  part  of  the  design  procedure 
for  crystal  oscillators  above  60  MC  and  is  fully  discussed  in  Paragraph  6-17. 

6-4.  Limiting  Action  of  a Tube 

Because  of  the  limitation  on  crystal  unit  dissipation,  it  is  necessary  to 
restrict  the  feedback  power  derived  from  the  amplifier,  which  in  turn  necessitates 
limiting  the  plate  signal  voltage  to  a compatible  level.  Because  of  the  large  signal 
capabilities  of  a vacuum  tube  amplifier,  obtaining  signal  limiting  at  a suitable 
level  is  a major  design  task  at  frequencies  above  a few  megacycles  where  the 
requirements  are  particularly  critical. 
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There  are  two  ways  in  which  the  tube  can  be  made  to  perform  this  func- 
tion, one  of  which  relies  on  the  non-linear  voltage  gain  relationship  of  the 
amplifier  as  a function  of  signal  level.  Referring  to  Figure  6-3,  if  the  plate 
voltage  and  plate  circuit  load  line  are  as  designated  by  the  symbol  A,  a signal 
of  the  amplitude  indicated  by  A^and  A"  would  require  a much  larger  negative 
than  positive  grid  signal  voltage  excursion.  That  is,  the  instantaneous  gain  of 
the  amplifier  is  severely  reduced  during  the  positive  plate  signal  voltage  swing, 
and  consequently  a form  of  plate  signal  limiting  occurs. 


Figure  6-3.  Triode  Plate  Characteristics 

This  method  of  introducing  plate  signal  limiting  is  seldom  possible  in 
series  oscillators  where  the  emphasis,  due  to  the  crystal  unit  characteristics, 
is  usually  on  obtaining  a high  voltage  gain  at  as  low  a plate  resistance  level  as 
possible.  This  generally  involves  operating  the  tube  at  high  current  levels 
where  the  plate  characteristic  curves  approach  a linear  slope.  This  is  the 
exact  opposite  of  the  tube  operating  conditions  favoring  current  limiting,  which 
usually  occurs  when  the  tube  is  biased  at  relatively  low  plate  current  levels  and, 
hence,  in  a region  where  the  plate  resistance  is  high.  In  general,  therefore, 
this  is  not  a practicable  method  of  providing  plate  signal  voltage  limiting  in 
oscillators. 

The  other  method  of  plate  signal  limiting  depends  on  the  action  of  the 
diode  formed  by  the  grid  and  cathode  of  the  tube.  Referring  again  to  Figure  6-3, 
if  the  DC  plate  voltage  and  the  plate  circuit  load  line  are  as  designated  by  the 
symbol  B,  a grid-cathode  signal  voltage  sufficient  to  produce  a plate  voltage  swing 
from  Bf  to  B^  will  forward-bias  the  diode  on  the  negative  peak  of  the  plate 
voltage  swing,  tending  to  limit  the  tube  drive  voltage  amplitude.  The  signal  level 
at  which  limiting  occurs  is  a function  of  the  tube  DC  operating  point,  the  total 
DC  grid-to-cathode  resistance,  and  the  plate  load  resistance. 
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The  DC  operating  point  in  conjunction  with  the  plate  circuit  load  line  de- 
termine the  level  at  which  limiting  can  commence  as  denoted  approximately  by 
the  intersection  of  the  load  line  with  the  plate  characteristic  curve  for  zero  grid 
voltage.  The  actual  point  at  which  a significant  degree  of  limiting  will  occur, 
however,  is  a function  of  the  grid-cathode  circuit  DC  resistance  and,  to  a lesser 
extent,  the  DC  plate  current  of  the  tube . If  the  DC  resistance  of  the  grid-cathode 
circuit  is  low,  the  increased  loading  of  the  signal  source  by  the  diode  will  not 
cause  substantial  limiting  until  the  grid  has  an  appreciable  instantaneous  positive 
bias  relative  to  the  cathode,  and  the  plate  signal  voltage  will  then  be  larger  than 
anticipated  from  the  load  line  relationships.  Alternatively,  if  the  grid-cathode 
circuit  DC  resistance  is  high,  the  input  signal  loading  contribution  of  the  diode 
will  be  significant  when  the  instantaneous  grid-cathode  signal  voltage  approaches 
zero  volts,  and  the  plate  signal  voltage  will  accordingly  be  decreased  below  that 
anticipated  from  the  load  line  relationships. 

The  signal  limiting  action  of  the  tube  is  related  to  the  DC  plate  current  to 
the  extent  that,  as  the  plate  current  level  is  decreased,  a given  amount  of 
instantaneous  grid  current  is  more  effective  in  producing  signal  limiting.  The 
lowest  grid-cathode  signal  level  at  which  limiting  can  be  made  to  occur  is  also 
a function  of  the  diode  characteristics.  In  a thermionic  diode  a few  microamperes 
of  current  flow  when  the  diode  is  reverse -biased,  typically  having  a value  of  5 to 
10  UA  when  the  cathode  is  positive  relative  to  (in  this  case)  the  grid  by  0.7  V 
and  perhaps  a value  of  1 UA  at  1 volt  reverse-bias.  At  grid  bias  levels  of  1 volt 
or  larger,  the  effects  of  this  current  are  negligible  under  all  likely  circuit  con- 
ditions. But  if  a tube  operating  point  which  requires  a grid  bias  voltage  of  less 
than  1 volt  is  desired,  this  current  can  substantially  affect  the  bias  condition 
achieved  if  the  grid-cathode  circuit  DC  resistance  is  high. 

The  oscillator  circuit  requirements  are  usually  such  that  the  only  way  in 
which  a high  cathode-grid  circuit  DC  resistance  can  be  obtained  is  by  using  a high- 
value  grid  leak  resistor  and,  depending  on  the  amplifier  configuration,  an 
associated  coupling  or  decoupling  capacitor.  Under  these  conditions,  the  relatively 
large  quiescent  grid  current  flowing  at  bias  levels  of  less  than  1 volt  charges 
this  capacitor  in  the  sense  that  increases  the  grid  bias  level.  Consequently,  the 
desired  grid  bias  point  is  not  obtained,  and  in  addition  the  amplifier  voltage  gain 
is  less  than  that  contemplated.  Because  of  this  behavior,  it  is  therefore  not 
practicable,  using  a high  DC  resistance  grid-cathode  circuit,  to  design  for  tube 
operation  at  grid  bias  levels  of  less  than  1 volt  with  any  assurance  of  obtaining 
the  expected  amplifier  gain  or  input  resistance. 

If  the  relative  limiting  characteristics  of  a triode,  having  a high  DC 
grid-cathode  circuit  resistance  and  operating  at  a grid  bias  of  1 volt,  are  com- 
pared to  those  of  the  same  triode  having  a low  DC  grid-cathode  circuit  resistance 
and  operating  at  a grid  bias  of  less  than  1 volt,  it  appears  that  the  former  will 
cause  limiting  at  a lower  plate  signal  level.  Consequently,  this  is  considered 


the  most  suitable  design  approach  . It  should  be  noted,  however,  that  it  is 
possible  to  obtain  limiting  at  still  lower  levels  by  using  a large  DC  grid  circuit 
resistance  and  designing  for  a grid  bias  point  below  1 volt.  This  is  not  satisfac- 
tory from  the  design  viewpoint,  however,  because  of  the  resulting  uncertainty 
regarding  the  amplifier  voltage  gain  and  input  resistance. 

Having  established  a minimum  grid  bias  voltage  of  1 volt,  it  follows  that 
the  minimum  plate  voltage  amplitude  at  which  limiting  commences  is  then 
primarily  a function  of  the  tube  amplification  factor  and  the  plate  load  resistance . 
This  can  be  seen  by  rotating  a load  line  on  the  plate  characteristics  of  Figure 
6-3  and  noting  the  plate  voltage  excursion  obtained  between  the  curves  for  grid 
voltages  of  0 and  -1  volt.  When  the  plate  load  resistance  is  close  to  the  value  of 
the  tube  plate  resistance,  the  plate  signal  negative  voltage  swing  is  approximately 
/i/2.  Since  this  is  an  amplifier  load  condition  that  is  often  approached,  this  value 
is  a useful  guideline  for  estimating  the  plate  signal  voltage  level  at  which  limit- 
ing can  be  achieved.  Considering  only  the  signal  limiting  characteristics  of  the 
tube,  this  would  favor  the  use  of  low  \i tubes.  Unfortunately,  in  the  frequency 
range  where  limiting  is  most  critical,  this  type  of  tube  is  not  compatible  with 
other  circuit  requirements.  The  high  /x,  low  Rp  type  tubes  having  amplification 
factors  in  the  range  of  50  to  70  are  then  to  be  preferred.  Using  the  guideline 
previously  stated,  this  suggests  that  the  minimum  level  at  which  plate  signal 
limiting  can  be  attained  is  approximately  20  VRMS.  This  value  will  subsequently 
be  used  as  a design  condition. 

6-5.  Diode  Limiting 

It  is  also  possible  to  use  an  auxiliary  circuit  to  provide  the  plate  volt- 
age limiting  action.  One  such  method  is  shown  in  Figure  6-4’.  In  this  circuit 
the  diode  connected  to  the  plate  of  the  tube  is  reverse -biased  by  the  volt -drop 
across  resistor  R'.  Consequently,  for  peak  plate  signal  voltage  amplitudes 
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smaller  than  the  reverse -bias  voltage,  the  diode  has  no  effect  on  the  circuit 
operation.  But  when  the  peak  plate  signal  voltage  amplitude  attempts  to  exceed 
this  bias  level,  the  diode  conducts  and  the  signal  amplitude  is  stabilized.  This 
circuit  provides  a means  of  limiting  the  plate  signal  voltage  at  virtually  any 
desired  amplitude  and  almost  entirely  divorces  the  limiting  action  from  the 
amplifier,  permitting  the  amplifier  to  now  be  optimized  for  its  sole  function  of 
amplification. 

The  characteristics  required  of  the  diode  are  as  follows: 

(a)  Low  capacitance  and  high  dynamic  resistance  relative  to  the  amplifier 
load  at  the  operating  reverse-bias  voltage.  : 

(b)  The  peak  inverse  voltage  rating  must  exceed  the  peak-to-peak  signal 
, voltage . 

<c)  Good  rectification  efficiency  at  the  operating  frequency. 

The  1N3062  family  of  diodes  has  proved  satisfactory  for  this  function  at 
frequencies  up  to  200  MC.  These  have  a capacitance  of  approximately  1.5  PF 
at  10  V reverse-bias  and  a dynamic  resistance  in  excess  of  100  K at  20  MC.  If 
operation  at  temperatures  above  80°C  is  not  required,  the  1N67A  germanium 
point-contact  diode  (which  is  less  costly)  should  also  be  suitable  at  the  lower 
frequencies  and  possibly  at  higher  frequencies,  judging  by  experimental  results 
obtained  at  20  MC. 

6-6.  MAJOR  FACTORS  INFLUENCING  DESIGN 

There  are  two  major  factors  that  have  a great  influence  on  the  impedance 
and  voltage  level  relationship  required  between  the  various  circuits  that  make  up 
the  oscillator.  One  of  these  is  the  relationship  required  between  the  crystal  unit 
resonance  resistance  and  its  driving  source  and  load  resistances. 

Paragraph  1-8  shows  that  if  the  phase-shifting  capability  of  the  crystal 
unit  and  hence  its  frequency  stabilizing  property  is  not  to  be  unduly  degraded  by 
the  remainder  of  the  oscillator  circuit,  the  terminating ‘-resistance  levels  on 
both  sides  of  the  crystal  unit  should  be  small  in  comparison  to  the  crystal  unit 
resonance  resistance.  Ideally  these  should  be  negligibly  small  in  comparison 
to  Rr,  but  in  practice,  with  the  simple  type  of  circuit  considered  here,  this 
cannot  be  approached  and  a compromise  is  necessary.  For  any  type  of  crystal 
unit,  at  any  given  frequency,  that  unit  having  the  largest  permissible  value  of 
resonance  resistance  for  its  type  will  have  the  worst  phase-shifting  capability. 

Therefore,  in  an  oscillator  the  worst  performance  in  this  respect  can  be 
expected  for  this  worst-case  crystal  unit.  Since  the  oscillator  should  operate 
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satisfactorily  with  any  crystal  unit  meeting  the  type  specification,  this  worst- 
case  condition  of  operation  is  the  one  which  should  be  considered  when  arriving 
at  a suitable  compromise  value  of  crystal  unit  terminating  resistance.  The 
phase-shifting  capability  of  the  crystal  unit  in  the  oscillator  circuit  relative  to 
that  of.  the  crystal  unit  alone,  is  given  in  Paragraph  1-8  (when  Rr  is  replaced  by 
Rr  max)  aS; 

d?i  jd<t>  _ Rr  max  ^ 

dQs  / dQs  “ Hr  max  + Si  + r ■ 

where  r and  Rj  are  the  crystal  unit  drive  source  and  load  terminating  resistances, 
respectively. 

Substituting  relative  values  into  Equation  (6-1)  shows  that  if  the  total 
terminating  resistance  is  equal  to. Rr  max,  0-5  Rr  max>  °r  0.33  Rr  max,  the 
circuit  phase-shifting  capability  is,  respectively,  50,  67,  or  75  percent  of  that 
of  the  crystal  unit.  The  last  of  these  values  causes  a relatively  small  degrada- 
tion and  is  a suitable  choice  of  terminating  resistance  level,  disregarding  all 
other  considerations.  Except  when  using  diode  limiting,  however,  the  character- 
istics of  triode  amplifiers  are  such  that,  at  the  crystal  dissipation  levels  allowed, 
this  type  of  oscillator  would  be  impractical  over  a wide  range  of  frequencies  if 
the  total  terminating  resistance  was  restricted  to  this  value.  In  order  to  obtain 
design  feasibility  it  has  been  found  necessary  in  practice  to  compromise  further 
and  to  regard  a total  terminating  resistance  equal  to  or  less  than  Rr  max  as 
acceptable  at  frequencies  up  to  60  MC. 

The  sacrifice  in  circuit  phase -shifting  capability  incurred  by  this  relaxa- 
tion is  not  excessive,  resulting  in  a reduction  from  75  to  50  percent  of  that  of  the 
crystal  unit.  This  is  considered  warranted  by  the  resulting  relaxation  in  ampli- 
fier limiting  performance  and  gain  requirements  obtained. 

In  practice,  it  is  difficult  to  control  both  the  terminating  resistance  values 
simultaneously.  Fortunately,  the  drive  source  resistance  is  usually  found  to  be 
acceptable  when  attention  is  concentrated  solely  on  the  output  terminating  resist- 
ance . 

The  second  factor  having  a major  influence  on  design  is  the  problem  of 
preventing  crystal  unit  overdrive  posed  by  the  relatively  large  signal  level  at 
which  limiting  occurs  in  tube  amplifiers.  The  allowable  signal  voltage  across 
the  crystal  unit  is  limited  by  its  dissipation  rating  which  should  not  be  exceeded 
for  any  conditions  of  oscillator  operation.  When  the  crystal  unit  is  operated 
into  a terminating  resistance,  this  in  turn  places  a restriction  on  the  allowable 
voltage  at  the  crystal  unit  input  terminal.  This  effect  is  considered  in  Paragraph 
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1-9  where  the  allowable  input  voltage  is  shown  to  be  a function  of  the  output 
terminating  resistance,  the  relationship  being: 

Vmax  “ 2 PCMAX  * Ri  (6-2) 

The  allowable  crystal  unit  input  voltage  at  any  frequency  can  be  deter- 
mined by  relating  Rj  to  Rr  max  for  the  known  value  of  PcmAX  an<f  applying 
Equation  (6-2).  This  gives  the  values  of  Vmax  shown  in  Table  6-2  for  typical 
crystal  unit  types  when  Rj  is  chosen  to  provide  a satisfactory  crystal  unit 
terminating  resistance. 

TABLE  6-2.  Vmax  AND  Ty0_1  AS  FUNCTIONS  OF  CRYSTAL  UNIT 

CHARACTERISTICS 


Frequency 

Rr  max 
(ohms) 

pCMAX 

(MW) 

Ri  Rr  max 

Rj-  0.  5 Rr  max 

Ri  = Rr 

max 

Vmax  RMS 

1/Tv0 

^max  RMS 

VTVo 

Vmax  RMS 

^TVo 

90-170  KC 

5000 

2 

3 . G 

5.5 

4.5 

4.5 

6.3 

3.2 

170-250  KC 

5500 

2 

3.8 

5.4  . 

4.7 

4.2 

6.6 

3 

200  KC 

2500 

2 

2.6 

7.7 

3.2 

6.2 

4.5 

4.5 

500  KC 

7500 

2 

4.5 

4.5 

5.5 

3.6 

7.7 

2.6 

1 MC 

440 

10 

2.4 

8.3 

3 

6.7 

4.2 

4.8 

2 MC 

185 

10 

1.6 

12.5 

1.9 

10.5 

2.  7 

7.4 

5 MC 

37 

10 

0.7 

29 

0.86 

22 

1.2' 

16,7 

10  MC 

20 

10 

0.52 

38 

0.63 

32 

0.9 

22 

10-15  MC 

18 

5 

0.35 

57 

0.42 

48 

0.6 

33 

15-20  MC 

15 

5 

0.32 

63 

0.39 

51 

0.  55 

36 

10-61  MC 

40 

2 

0.33  ' 

61 

0.4 

50 

0.57 

35 

The  crystal  unit  input  terminal  signal  voltage  is  related  to  the  plate 
signal  voltage  by  the  voltage  transformation  ratio  Ty0  of  the  interposed  im- 
pedance transforming  network. 

From  the  foregoing  discussion  of  tube  limiting  characteristics  and  the 
values  of  Vmax  given  in  Table  6-2,  it  is  possible  to  estimate  the  maximum  value 
of  Ty0  which  may  be  employed  when  using  tube  limiting  at  the  various  frequencies. 
Assuming  the  20  VRMS  plate  signal  limiting  criterion  previously  arrived  at,  this 
gives  the  plate  signal  to  crystal  input  signal  ratiosf — ! — ) given  in  Table  6-2  for 
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the  various  relative  crystal  unit  output  terminating  resistance  levels.  The  values 
are  given  in  this  form  because  it  allows  a readier  appreciation  of  the  problem 
when  it  is  realized  that  the  product  of  the  amplifier  gain  and  the  step-up  voltage 
ratio  of  the  amplifier  input  transformer  (when  used)  must  exceed  the  values  of 


TVn 


For  example,  using  the  values  contained  in  the  bottom  line  of  Table  6-2, 


above  10  MC  when  Rj  is  equal  to  1/3  Rr  max,  the  voltage  ’’gain”  from  the  crystal 
output  terminal  to  the  plate  circuit  must  be  in  excess  of  61  because  of  the  voltage 
reduction  in  the  transformer  connected  between  the  tube  plate  and  the  crystal  in- 
put terminal.  A further  attenuation  occurs  across  the  crystal  unit,  and  in  actuality 
the  voltage  "gain"  from  crystal  output  terminal  to  the  tube  plate  would  need  to  be 
in  excess  of  300.  At  the  impedance  levels  involved,  this  is  not  feasible  with  the 
available  triodes.  If,  alternatively,  Ri  is  equal  to  Rr  max>  the  actual  voltage 
"gain"  required  is  approximately  100;  a value  that  is  just  feasible  using  the  most 
suitable  tube  type. 


Above  10  MC,  therefore,  it  is  only  practicable  to  use  crystal  output 
terminating  resistance  levels  approaching  the  maximum  resonance  resistance  of 
the  crystal  unit  if  tube  limiting  is  employed.  Using  diode  limiting,  Ty0  can  be 
increased  to  practically  any  desired  value,  reducing  the  requirements  on  the 
remainder  of  the  circuit  and  allowing  the  use  of  a lower  relative  value  of  Rj. 


Below  10  MC,  the  allowable  values  of  TyQ  increase,  and  the  amplifier 
requirements  are  then  not  as  critical.  And  at  the  lowest  frequencies,  this  effect 
is  no  longer  a design  problem. 

6-7.  OSCILLATOR  LOOP  GAIN  EQUATIONS  APPLICABLE  BELOW  60  MC 


Referring  to  Figure  6-5  the  loop  gain  of  the  oscillator  circuit  can  be 
conveniently  divided  into  four  factors  as  follows: 

(a)  The  amplifier  voltage  gain  Gy  from  cathode  to  plate  circuit. 

(b)  The  voltage  ratio  Ty  of  the  impedance  transforming  network  con- 
nected  between  the  tube  plate  and  the  input  side  of  the  crystal  unit. 

(c)  The  voltage  attenuation  Ayc  from  the  crystal  unit  input  to  output 
terminals . 

(d)  The  voltage  ratio  Ty.  of  the  impedance  transforming  network 
between  the  crystal  unit  output  terminal  and  the  amplifier  input. 
Below  2 MC  the  amplifier  input  resistance  provides  a suitable 
terminating  level  for  the  crystal  unit  and  an  impedance  transform- 
ing network  is  not  required  at  the  amplifier  input.  This  factor  is 
then  ignored . 
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NOTE 


';Avc 


TPI072-77 


I TV 


« •— 


|:TVr 


The  use  of  inductive  trans- 
formers is  purely  diagram- 
matic . Other  types  may  be 
used  and  are,  in  fact,  often 
to  be  preferred. 


Vi  vo 

Figure  6-5.  Circuit  Defining  Loop  Gain  Factors 


The  loop  voltage  gain  is,  therefore: 


°VT 


GV  * TV  ' AVc  ‘ TV1 


(6-3) 


For  the  worst-case  design  where  Rr  is  equal  to  Rr  max?  the  factors  in 
Equation  (6-3)  are  as  follows: 


From  Paragraph  3-3  the  amplifier  cathode  input  resistance  and  voltage 
gain  are : 


Rt  + Rp 

run 


and 


Gv  - 


H + 1 

(M  + 1)  RT 


V RT  + Rr 


Rt 

Rin 


(6-4) 


(6-5) 


The  voltage  ratio  of  the  transformer  at  the  amplifier  input,  assuming  negligible 
losses,  is: 


TV, 


R. 


in 


R. 


in 


k Rr 


r max 


(6-6) 


where  R^  is  the  transformed  amplifier  input  resistance  which  is  related  to  Rr  max 
by  the  expression: 


k = 


Ri 


R 


r max 


(6-7) 


Ayc  is  the  voltage  division  ratio  of  Rr  max  and  Ri  in  series.  That  is: 

Ri 


Avc  = ptti 


Ri  + Rr  max 


1 + k 


(6-8) 
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The  voltage  ratio  of  the  impedance  transforming  network  interposed 
between  the  amplifier  output  and  the  crystal  unit  is  a design  variable  which 
must  be  selected  to  satisfy  both  the  loop  gain  and  the  crystal  dissipation 
requirements.  Tyo  is  also  related  to  the  feedback  network  input  resistance 
(neglecting  losses)  by  the  expression: 


R 


^i  + -^r  max 
FB  tv  2 

vo 


(1  + k)  R 


r max 


Tv  2 

vo 


(6-9) 


The  oscillator  external  load  resistance  reflected  into  the  plate  circuit  is  related 
to  Up  and  Rpg  as: 


_ Rfb  • Rl 
rfb  + rl 


(6-10) 


Substituting  into  Equation  (6-3)  for  Gy,  Ay^,,  and  Ty^  gives: 


’vL 


Rp 


R 


in 


R 


r max 


k 

(1  + k) 


(6-11) 


or,  substituting  for  Rp  in  terms  of  Ryg  and  Rp: 

rL 


. G 


VL 


Vr 


rl 


(1  + k)  Rr  max 


Vo 


N 


k Rr 
R 


max 


in 


(6-12) 


For  a worst-case  design  a small  signal  loop  voltage  gain  of  1.4  is  nor- 
mally suitable  to  ensure  satisfactory  oscillation.  Substituting  this  value  for 
Gy^  then  gives  the  relationship: 


«L 

( 1 + k)  Rr  max 


1.4 


TV0 


k R 


r max 


R- 


in 


!-4  Tyo 


1.4 


TV0 


1.4 


(6-13) 


Equation  (6-13)  defines  the  relationships  that  must  exist  between  the  voltage  ratios 
of  the  two  transformers,  the  amplifier  input  resistance,  the  crystal  unit  output 
termination  factor  k,  the  oscillator  external  load,  and  the  crystal  unit  resonance 


161 


resistance,  if  the  small  signal  loop  gain  is  to  be  adequate.  This  expression  is 
too  unwieldy  to  use  directly  as  a design  equation  due  to  the  number  of  variables 
involved;  in  order  for  it  to  be  useful,  a simplified  presentation  is  required. 

This  is  obtained  by  plotting  — as  a function  of  Tv  using  — — as 

• (1  + k)  Rr  max  0 TVi 

a parameter  as  shown  in  Figure  6-6. 

For  an  amplifier  whose  input  resistance  is  independent  o'f  its  load 
resistance,  which  would  be  the  case  for  a pentode  or  tetrode  amplifier,  the 
curves  of  Figure  6-6  completely  define  the  possible  oscillator  relationships. 

For  this  type  of  amplifier,  Ty.  is  fixed  once  a selection  is  made  of  k and  the 
amplifier  DC  operating  conditions,  and  hence  its  mutual  conductance  and  input 
resistance.  All  possible  circuit  relationships  then  lie  on  the  curve  having  the 
appropriate  value  of  1/Tyj  as  a parameter.  A suitable  value  of  Ty  is  then 
selected  on  the  basis  of  plate  and  crystal  unit  signal  voltages. 

For  triode  amplifiers,  however,  changes  in  Rp  will  substantially  affect 
the  value  of  Rin.  And  since  Rp  is  a function  of  Rl,  the  relationship  is  not  as 
straightforward,  and  it  is  then  necessary  to  consider  the  effects  of  the  amplifier 
load  resistance  on  Rin  and  hence  Ty^ . The  amplifier  total  load  resistance  Rp 
will  almost  certainly  lie  in  the  range  of  0.4  Rp  to  2 Rp,  and  relating  this  to  . 
Equation  (6-4),  the  amplifier  input  resistance  will  then  lie  in  the  range  of: 


Rin(s/c)  £ Rin  - 3 Rin(s/c) 


(6-14) 


where  Rin{s/c)  is  equal  to 
ing  this  to  Ty.  then  gives: 


the  input  resistance  when  Rp  is  zero. 


Relat- 


0.58 


'kR 


r max 


Rin(s/e)  TVj 


0.85 


k R 


r max 


Rin(s/c) 


(6-15) 


Equation  (6-15)  defines  the  likely  range  of  values  of  p relative  to  the 

vi 

selected  tube  characteristics.  With  the  aid  of  this  relationship,  while  also 
considering  the  values  of  T\^  dictated  by  the  crystal  dissipation,  it  is  possible 
to  locate  the  range  of  oscillator  circuit  relationships  from  which  a suitable 
selection  can  be  made. 


In  performing  this  process  it  is  necessary  to  know  the  amplifier  total 
load  resistance  Rp.  This  can  be  obtained  by  substituting  for  Rfb  in  Equation 
(6-10),  giving: 


Rt  _ 1 

Rl  + IXfL  . rl 

(1  + k)  Rr  max 


(6-16) 
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(1+  K)  R,  max 


Figure  6-6.  Oscillator  Relationships 
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1 


This  expression  is  also  plotted  in  Figure  6-6  using 


TVi 


as  a parameter. 


6-8.  DESIGN  PROCEDURE  FOR  OSCILLATOR  CIRCUITS,  90  KC  TO  60  MC 

Step  1 - Select  a crystal  unit  type  applicable  at  the  desired  operating  fre- 
quency, and  determine  from  the  specification  sheet  the  crystal  unit  dissipation 
rating  Pc  MAX  ant^  maximum  resonance  resistance  Rr  max  at  this  frequency. 


Calculate  the  maximum  allowable  crystal  unit  input  voltage  for  an  output 
terminating  resistance  of  k • Rr  max,  assigning  to  k values  of  0.33,  0.5,  and 
1.  The  formula  is: 


vmax  _ 2 v/pCMAX  * k ' Rr  max  (6-17) 


Estimate  from  the  values  of  Vmax  obtained  the  maximum  permissible 
values  of  Tv0  . At  frequencies  over  800  KC  where  high  \x,  low  Rp  triodes  are 
most  suitable,  difficulty  will  probably  be  experienced  in  limiting  the  plate 
voltage  to  less  than  20  VRMS  using  self-limiting,  and  the  appropriate  relation- 
ship is: 

Maximum  TyQ  « (6-18) 


At  frequencies  below  500  KC  where  high  Rp  triodes  are  most  suitable, 
the  plate  voltage  can,  if  desired,  be  self-limited  at  a lower  level,  allowing  the 
denominator  term  to  be  reduced  to,  say,  14. 


Step  2 - Select  a suitable  tube  type.  At  frequencies  below  2 MC,  a 
major  factor  influencing  the  selection  will  be  the  short-circuit  input  resistance 

g^.  Unless  the  designer  is  prepared  to  employ  an  impedance  matching  transformer 

between  the  crystal  unit  and  the  tube  cathode,  should  be  approximately  in  the 

&m 

range  of  0.2  to  0.5  Rr  max.  When  connected  as  an  amplifier,  the  cathode  input 
resistance  will  then  provide  a satisfactory  crystal  unit  terminating  resistance 
level  without  introducing  an  excessive  voltage  attenuation  between  the  crystal 
unit  input  terminal  and  the  cathode. 


Above  2 MC  only  low  Rp,  high  y.  triodes  need  be  considered.  This  is 
dictated  partially  by  the  relatively  low  values  of  feedback  network  input  resistance 
occurring  at  these  frequencies,  and  partially  by  the  high  voltage  gain  required  of 
the  amplifier,  due  to  the  low  value  of  Tyo  necessary  to  prevent  crystal  unit 
overdrive . 
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Above  20  or  30  MC,  the  stray  reactive  elements  of  the  tube  can  be 
significant.  This  is  discussed  in  Step  2 of  the  design  procedure  for  triode 
oscillators  above  60  MC  which  should  be  referred  to  when  designing  for  opera- 
tion above  20  MC. 


A high  jj,  is  also  desirable,  although  not  essential  at  all  frequencies. 


Step  3 - Select  a suitable  operating  point  for  the  tube.  At  frequencies 
below  2 MC  a major  factor  in  the  determination  of  the  tube  bias  point  will  be 
to  obtain  a mutual  conductance  satisfying  the  relationship  given  in  Step  2. 
Another  requirement  if  self-limiting  is  employed  will  be  that  the  operating  point 
when  viewed  on  the  plate  characteristics  should  be  sufficiently  close  to  the 
zero  grid  voltage  curve  that  limiting  will  occur  at  a suitable  level  when  con- 
sidered relative  to  a typical  load  line . 


At  frequencies  above  2 MC  the  major  factor  if  self-limiting  is  employed 
will  also  be  to  find  an  operating  point  on  the  plate  characteristics  sufficiently 
close  to  the  zero  grid  line  curve  to  ensure  adequate  limiting.  It  is  also  usually 
necessary  to  minimize  Rp  as  much  as  possible  because  of  the  relatively  low  in- 
put resistance  of  the  feedback  network.  These  two  requirements  generally 
necessitate  operation  under  high  current,  low  plate  voltage  conditions  which, 
in  turn,  imply  a low  value  of  grid  bias.  If  diode  limiting  is  employed,  a higher 
plate  voltage  is  permitted,  allowing  a low  Rp  to  be  obtained  at  a higher  grid 
bias  voltage. 


When  using  self-limiting  the  bias  relationships  are  often  critical,  and 
experimental  adjustment  will  frequently  be  required  unless  the  choice  of  opera- 
ing  point  is  particularly  fortunate.  Tabulate  the  tube  operating  conditions  selected 
(the  DC  plate  voltage  and  current  and  the  grid  bias  voltage)  and  the  small  signal 
characteristics  <ji,  Rp,  and  gm)  for  these  operating  conditions. 

1 

Step  4 - Determine  the  short-circuit  input  resistance  (g^)°f  the  tube  for 
the  selected  tube  operating  conditions.  At  design  frequencies  above  2 MC  where 
an  amplifier  input  transformer  is  necessary,  calculate  the  likely  range  of  values 
of  1/Ty.  from: 


0.58 


k • Hr  max 
Rin(s/c) 


0.85 


k • R 


r max 


®in(s/c) 


(6-19) 


k should  be  assigned  values  of,  say,  0.33,  0.5,  and  1.  The  ranges  of  values  of 

1 ^ 

Ty.  obtained  and  the  maximum  values  of  Ty  obtained  in  Step  1 for  the  same  k 
values  locate  the  regions  in  Figure  6-6  suitable  for  investigation.  For  an 
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rl 

assumed  value  of  k,  feasible  values  of  (1  + k)  K 


r max 


must  lie  in  a region 


bounded  by  the  calculated  range  of  values  of  — — and  to  the  left  of  the  maximum 

TVi 

value  of  TyQ  calculated  for  that  value  of  k in  Step  1. 


The  process  involved  consists  of  selecting  a value  of  p"—  lying  within 

*1  Rt, 

the  range  obtained  for  a particular  value  of  k and  locating  a value  of 


(1  +k)  Rr  max 

on  this  curve  which  is  compatible  with  the  appropriate  maximum  value  of  . 
calculated  in  Step  1.  The  values  of  Rl  and  Rp  are  then  obtained  from  the  values 
1 RT 

of  k,  , Rr  max  and  the  ratios  of  given  in  Figure  6-6.  The  value  of  RT 
obtained  is  then  used  to  calculate  the  actual  amplifier  input  resistance  from: 


= Rjy  - RT 
Rin  n + 1 


(6-20) 


Using  this  value  of  amplifier  input  resistance  the  actual  voltage  ratio  of 
the  amplifier  input  transformer  that  will  give  the  assumed  crystal  unit  terminat- 
ing condition  is  calculated  from: 


Rin 
K • R 


r max 


(6-21) 


The  loop  voltage  gain  is  then  calculated  using  the  values  of  Rt,  Rin,  and  T\r 
obtained  in  the  three  preceding  calculations  from: 


_ k Rt  ‘ tVq  ‘ TVi 

^ L 1 + k ‘ Rin 


(6-22) 


If  the  loop  voltage  gain  obtained  is  1.4  or  larger,  the  design  is  feasible  for  the 
selected  circuit  relationships. 


The  least  demanding  circuit  requirements  occur  when  R^,  the  transformed 
amplifier  input  resistance  presented  to  the-crystal  unit  is  equal  to  Rr  max;  that 
is,  k equal  to  1.  It  is  suggested  that  this  value  be  assigned  to  k for  the  first  set 
of  loop  gain  calculations.  If  a loop  voltage  gain  well  in  excess  of  1.4  is  then 
obtained  for  a value  of  Rl  sufficiently  low  to  be  feasible,  k may  then  be  decreased 
to  improve  the  design.  This  may  be  done  by  estimating  from  the  loop  voltage  gain 
formula  the  allowable  decrease  in  k or,  alternatively,  by  repeating  the  loop  gain 
calculations  for  a lower  assumed  value  of  k.  If  the  former  method  is  used  it 
should  be  noted  that  Ty.  will  be  affected  by  the  change  in  the  value  of  k. 

Similarly,  if  the  loop  voltage  gain  calculated  for  k equal  to  1 is  only 
slightly  less  than  1.4  (say,  1. 2 or  larger),  it  may  be  possible  to  increase  the 
loop  gain  sufficiently  by  increasing  Rl  and  hence  Rp.  Here  again,  it  should  be 
noted  that  the  change  in  Rp  will  also  change  R^n  and  Ty.  . 


If  the  loop  voltage  gain  calculated  for  k equal  to  1 is  much  less  than  1.4, 
it  will  be  necessary  to  repeat  the  loop  gain  calculation  commencing  with  a smaller 
assumed  value  for  l/Ty^ . 

The  design  feasibility  will  be  dependent  on  obtaining  a value  of  R^  which 
is  practicable  when  referred  to  the  actual  oscillator  external  load  and  the  losses 
to  be  expected  in  the  plate  tuning  circuit  and  feedback  network.  These  losses 
are  taken  into  account  by  considering  them  to  form  a part  of  Rj_,.  The  actual 
value  of  Rl  is  then  given  by: 

Rr  • Rlp 

Actual  Rl  = — — (6-23) 

Rlp  - Rl 


where  Rlp  is  the  effective  parallel  tuned  circuit  losses  appearing  at  the  plate 
terminals. 


At  frequencies  above  10  MC  and  particularly  above  30  MC,  RLp  can  be  an 
appreciable  part  of  the  oscillator  load,  even  when  the  Q of  the  network  is  high. 
This  is  due  to  the  fact  that  the  plate  circuit  tuning  capacitance  C will  need  to  be 
from  10  to  20  PF.  This  is  related  to  Rlp  by  the  formula: 


RLP 


= ja 

coC 


(6-24) 


At  50  MC,  for  example,  the  reactance  of  20  PF  is  160  ohms,  giving  R^p  equals 
16  K for  Q equal  to  100. 


At  design  frequencies  below  2 MC  where  an  amplifier  input  impedance 
transforming  network  is  not  used,  Ty.  has  a value  of  1.  Attention  is  then  con- 
fined to  the  circuit  relationships  given  by  the  lowest  curve  of  Figure  6-6  in  the 

determined  in  Step  1. 
is  read  from 


region  to  the  left  of  the  appropriate  maximum  value  of  TyQ 
The  process  is  then  the  same  as  described  above,-  ^ 


(1  + k)  Rr  max 

Figure  6-6,  and  a value  of  k is  assumed  based  on  the  short-circuit  amplifier 
input  resistance. _ Rl  is  calculated  for  the  assumed  value  of  k,  and  R^  determined 


RT 

from  the  plot  of  for 


Vh 


equal  to  1 . 


The  actual  amplifier  input  resistance  for  the  calculated  value  of  Rt  is 
obtained  from: 


R 


in 


Rp  + Rt 

ji  + 1 


(6-25) 


This  value  of  Rin  is  compared  to  Rr  max  to  determine  if  a suitable  crystal  unit 
terminating  condition  has  been  obtained.  The  equation  is: 
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k 


(6-26) 


Rjn 

Rr  max 


If  k is  equal  to  or  less  than  1,  the  termination  is  considered  satisfactory, 
although  it  is  desirable  when  possible  that  Rjn  should  be  0.5  Rr  max  or  less. 


The  loop  gain  is  calculated  from: 


cvL 


k Rt  ; TVo 

l+k  ‘ Rin 


(6-27) 


If  this  is  1.4  or  larger,  the  design  is  feasible. 

The  further  manipulations  required  to  finally  fix  the  circuit  relation- 
ships are  then  as  previously  described  for  designs  above  2 MC. 


The  crystal  unit  terminating  resistance  level  on  the  input  side  is 
difficult  to  ascertain  since  the  amplifier  output  resistance  is  a function  of  the 
drive  source  resistance.  A rough  estimate  can,  however,  be  obtained  by  con- 
sidering the  amplifier  output  resistance  to  be  equal  to  R-p.  The  crystal  unit 


input  terminating  resistance  is  then  equal  to  Rp 
small  compared  to  the  output  terminating  level. 


This  will  usually  be 


Step  5 - The  remaining  circuit  component  values  are  determined  as 
follows : 


(a)  Cathode  Bias  Circuit 

At  frequencies  above  2 MC  the  inductor  associated  with  the  impedance 
transforming  network  at  the  amplifier  input  can  be  used  as  a high  AC -low  DC 
impedance  cathode  current  feedpath,  as  shown  in  Figure  6-7  (a)  and  (b).  The 
cathode  bias  resistor  Rfc  is  then  calculated  for  the  DC  plate  current  and  grid 
bias  previously  selected  from: 

Vq 

Rk  = i (6-28) 

P 


Below  2 MC  this  cathode  inductor  is  not  required  as  part  of  an  impedance 
transforming  network  and,  particularly  at  frequencies  below  500  KC,  it  may  not 
be  desirable  to  use  an  inductor  simply  for  the  purpose  of  providing  a high  AC- 
low  DC  impedance  cathode  current  feed.  The  reasons  for  this  are  that,  in  order 
to  prevent  a possible  reduction  in  loop  gain  and  also  loop  phase  angle  errors, 
this  inductor  will  either  need  to  be  tuned,  or  alternatively,  its  reactance  chosen 
sufficiently  large  so  as  to  cause  a negligible  phase  shift  between  the  signals  at 
the  input  and  output  terminals  of  the  crystal. 
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Figure  6-7.  Cathode  DC  Current  Feed  Circuits 


To  meet  the  latter  requirement  the  reactance  of  the  inductor  will  need 
to  be  at  least  four  times  the  resistance  of  the  parallel  combination  of  Rr  max 
and  Rin-  Since  Rr  max  and  R^n  will  be  of  the  order  of  several  kilohms  at  fre- 
quencies below  500  KC,  this  may  not  be  desirable  because  of  the  relatively 
large  inductance  required.  The  alternative  is  a resistive  feed  as  shown  in 
Figure  6-7  (c);  the  problem  then  is  that  of  biasing  the  tube  at  the  chosen  opera- 
ting point  without  appreciably  reducing  the  amplifier  input  resistance  and  hence 
the  loop  gain  because  of  loading  caused  by  R^.  Frequently,  it  will  be  found  that 
R^  is  comparable  with  R^n  if  the  biasing  circuit  of  Figure  6-7  (c)  is  considered 
and  a method  of  increasing  R^  to  at  least  10  times  R^n  is  required.  One  way  in 
which  this  can  be  achieved  is  shown  in  Figure  6-7  (d)  where  the  grid  is  biased 
positive  relative  to  ground  at  a potential  which  enables  the  desired  cathode  cur- 
rent to  be  supplied  via  a suitably  large  value  of  resistance . 
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(b)  Cathode  Impedance  Transforming  Network 

The  amplifier  input  impedance  transforming  network  may  be  of 
either  of  the  types  shown  in  Figure  6-7  (a)  or  (b).  The  first  of  these  circuits 
will  probably  be  most  useful  at  frequencies  above  20  MC,  and  the  latter  below 
20  MC . The  inductive  transformer  is  perhaps  the  more  economically  desirable 
of  the  two,  provided  that  the  high  coefficient  of  coupling  between  windings  re- 
quired by  phase  shift  considerations  can  be  achieved. 

The  winding  of  an  RF  transformer  to  obtain  a high  degree  of  coupling 
is  in  a sense  an  art  which  can  only  be  learned  by  experience,  and  it  is  difficult 
to  assess  what  can  be  achieved  at  a particular  frequency  at  the  impedance  levels 
considered  here.  Judging  from  the  writer's  experience,  couplings  of  0.9  are 
difficult  to  achieve  at  frequencies  over  20  MC  at  these  impedance  levels,  although 
someone  more  skilled  in  suitable  winding  techniques,  or  with  access  to  better 
toroidal  cores  would  probably  set  a higher  limit. 

For  someone  with  no  experience  in  the  techniques  involved,  it  is 
probably  better  to  use  the  capacitive  divider  circuit  at  all  frequencies  at  least 
during  the  initial  design  stage,  trying  the  inductive  transformer  if  desired  after 
all  other  features  of  the  design  have  been  firmed.. 

At  the  lower  frequencies  large  values  of  capacitance  will  be  required 
because  of  the  condition  that  the  total  capactive  reactance  should  be  small 
relative  to  the  terminating  resistance  levels.  This  will  probably  necessitate  the 
use  of  a variable  inductor  to  adjust  the  circuit  to  resonance  at  the  design  frequency. 

The  design  formula  for  these  networks  is  given  in  Section  4.  It  is 
recommended  that  experimental  verification  of  the  impedance  transformer  design 
should  be  obtained;  an  RX  meter  or  other  similar  bridge  will  be  found  useful  for 
this  purpose,  together  with  phase  angle  measuring  equipment,  if  available. 

To  obtain  a transformer  phase  angle  approaching  zero  degrees,  the 
cathode  side  of  the  network  should,  of  course,  be  tuned  to  resonance.  No 
allowance  is  made  in  the  design  for  losses  occurring  in  this  circuit  other  than 
that  given  by  assuming  a loop  voltage  gain  of  1.4.  The  effective  parallel  resistance 
of  the  impedance  transformer  should  therefore  not  be  less  than,  say,  10  times 
the  amplifier  input  resistance. 

\ 

(c)  Plate  Circuit  Impedance  Transforming  Network 

The  inductive  transformer  and  the  capacitive  divider  type  impedance 
transforming  networks  are  also  appropriate  for  this  circuit,  and  many  of  the 
feasibility  considerations  discussed  in  (b)  are  applicable  here.  The  impedance 
levels  involved  are  much  higher,  however,  and  the  highest  frequency  at  which 
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the  inductive  transformer  can  be  used  is  correspondingly  reduced;  the  larger 
number  of  turns  required  in  the  windings  and  the  large  primary-to-secondary 
turns  ratio  make  it  difficult  to  obtain  a coupling  coefficient  of  0.9  while  keeping 
losses  low  at  frequencies  above,  say,  1 or  2 MC.  The  capacitive  divider  cir- 
cuit is  therefore  probably  the  more  appropriate  circuit  at  all  frequencies  above 
800  KC . Independent  of  the  choice  of  impedance  transformer  type,  it  is  desirable 
that  the  circuit  should  be  experimentally  evaluated  to  ascertain  its  correct  func- 
tioning before  incorporation  into  the  oscillator  circuit.  Section  4 should  be 
referred  to  for  the  design  equations. 

(d)  Amplifier  Grid  Circuit 

The  amplifier  grid  circuit  will  normally  consist  of  a parallel  com- 
bination of  a resistor  and  a capacitor.  The  value  of  capacitance  required  is 
determined  by  the  need  that  the  grid  should  be  effectively  at  AC  ground  at  the 
operating  frequency.  It  will  usually  be  satisfactory  if  the  reactance  is  less  than 
10  ohms.  Above  10  MC,  the  type  of  capacitor  and  the  lead  dress  may  be  critical 
factors  because  of  self-resonance.  The  ideal  choice  is  then  a capacitor  that  is 
self-resonant  at  the  design  frequency.  A grid-dip  meter  is  useful  for  determin- 
ing a suitable  value  of  capacitance  meeting  this  condition. 

The  grid  leak  resistor  can  be  conveniently  used  to  adjust  the  level  at 
which  signal  limiting  occurs.  A large  grid  resistance  causes  limiting  at  a lower 
signal  level  relative  to  a smaller  resistance.  The  selection  of  a suitable  grid 
resistor  value  is  therefore  made  during  the  Initial  testing  of  the  breadboarded 
oscillator.  A 10  to  100  K resistor  is  a suitable  one  with  which  to  commence 
testing. 


Step  6 - Experimental  Adjustments 

After  constructing  the  breadboard,  it  is  helpful  to  check  the  loop 
gain  experimentally.  This  can  be  done  by  applying  a signal,  at  the  design  fre- 
quency, to  the  crystal  output  terminal  point  via  a resistor  equal  to  Rr  max  with 
the  crystal  unit  removed  from  the  circuit.  An  oscillator  load  resistance  equal 
to  Rl  should  be  connected  across  the  plate  circuit  and  another  resistor  equal  to 
Rr  max  + Ri , simulating  the  feedback  network  load, should  be  connected  from 
the  crystal  unit  input  terminal  point  to  ground.  The  plate  and  cathode  circuits 
are  then  tuned  for  maximum  signal  at  the  crystal  unit  input  terrmnST points  and 
a comparison  made  of  this  voltage  relative  to  that  at  the  signal  input  side  of  the 
resistor  simulating  Rr  max . Satisfactory  oscillation  will  only  be  feasible  if  this 
ratio  is  larger  than  1.3.  The  resistors  used  in  this  test  should  be  measured  at 
the  design  frequency, particularly  above  a few  megacycles  per  second.  . 
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Another  useful  test  is  to  then  disconnect  the  resistance  simulating 
the  feedback  network  load  and  substitute  the  resistor  simulating  Rr  max  across 
the  crystal  unit  socket.  Oscillation  should  then  occur  at  a frequency  close  to 
the  design  frequency  if  the  phase  errors  are  small. 

6-9.  DESIGN  EXAMPLES,  90  KC  TO  60  MC 

The  following  design  calculations  are  presented  to  illustrate  the  process 
of  selecting  a suitable  set  of  circuit  relationships. 

6-10.  1 MC,  12AT7  Series  Oscillator 

Crystal  Unit  Characteristics  (CR-19A/U) 

Rr  max  = 440  ohms,  PcMAX  = 10  MW 

Vmax  TV0  max 
(RMS)  

2.4  0.12 

3 0.15 

4.2  0.21 

Tube  Characteristics  (12AT7) 

For  Ep  - 120  VDC,  Vq  - -1.2  VDC,  and  Ip  = 4 MA, 

Rp  = 15  K,  n = 58,  gm  = 3 . 9 M A/volt . 

Rin(s/c)  ~ 260  ohms  °-6  Rr  max- 

For  Tvo  ' 0.1,  k = 1,  Figure  6-6  gives: 


k 


0.33 

0.5 

1.0 


RL  = 14.3  K,  RT 


12.oK?  - 460  ohms, 


__  2 

. ^Vl  1-37,  R-p  • Ty0  % 120  ohms,  and  the  total  crystal  unit 
terminating  resistance  is  approximately  1,3  R. 

r max  * 
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6-11.  20  MC,  6CW4  Series  Oscillator  Using  Diode  Limiting 

Crystal  Unit  Characteristics  (CR-19A/U) 


Rrmax  = 15  ohms,  FCMAX  = 5 MW 


0.33 

0.5 

1 


^max 

(RMS) 

0.32 

0.39 

0.55 


TV, 


o max 


0.016 

0.02 

0.028 


Tube  Characteristics 


For  Ep  = 110  VDC,  Vq  = -0.9  VDC,  Ip  = 6 MA,  and  Rp  - 7 K. 

M = 63,  Rin(s/'c)  = H°  ohms. 

Let  the  crystal  unit  output  terminating  resistance  be  8 ohms  (k  = 0.53),  then 

~ — -(s/c)  is  0.27  and: 
iVi  * 


0.16  < £ 0.23 

TVi  . 

Setting  — r—  equal  to  0. 2 and  assuming  diode  limiting,  a suitable  set  of  circuit 
TV. 

relationships  is  obtained  for  Ty0  = 0.03  where: 


Rl  = 300  x 23  = 6.9  K,  RT  = 0.8  RL  = 5.5  K, 

and 

Rin  - 200  ohms. 

Actual  Gy^  = 1.45,  Rj,  • « 8 ohms. 

The  total  crystal  unit  terminating  resistance  is  approximately  equal  to  Rrmax  • 

-a 

The  diode  clipping  level  should  be  set  to  give  Vmax  less  than  0.39  VRMS 
for  a crystal  unit  having  a resonance  resistance  of  8 ohms.  This  corresponds 
to  a plate  signal  voltage  level  of  13  VRMS. 

Using  a capacitive  divider  amplifier  output  impedance  transforming'net- 
work  and  with  the  notation  of  Section  4,  the  network  values  are  obtained  as  fol- 
lows: 

X(C:  +C2)  | (Rrmax  + Ri>  = 8 ohms> 


giving: 


Ci  + c2  ^ 

Cl  + C2 
Cl 

Therefore:  ^ 

C"l  = 


1000  PF 
1 

0.03 

32 


Selecting  C2 


1000  PF  gives  C!  = 32  PF. 


The  plate  circuit  inductor  was  selected  to  resonate  with  44  PF  to  allow 
for  the  tube  plate  capacitance,  strays,  and  the  capacitance  of  the  trimmer. 

This  requires  an  inductance  of  5.8  UH.  The  effective  parallel  resistance  of  the 
inductor  was  28  K. 


An  inductive  transformer  was  employed  at  the  amplifier  input.  The 
voltage  ratio  required  is  5,  and  this  was  obtained  using  5-turn  and  1-turn 
windings  on  a toroidal  core  having  a specified  permeability  of  400.  The  5-turn 
winding  was  close  wound  on  the  core,  and  this  was  tightly  overlaid  with  the 
1-tum  winding,  consisting  of  6 parallel  wires  arranged  to  envelope  the  5-turn 
winding.  The  primary  and  secondary  winding  leads  were  brought  out  from  the 
core  as  twisted  pairs  to  reduce  leakage  reactance.  Measurements  indicated 
that  the  coupling  coefficient  was  0.9,  the  parallel  loss  resistance  measured  at 
the  cathode  winding  terminals  1.8  k,  and  the  required  resonating  capacitance 
32  PF.  A fixed  tuning  capacitance  of  36  PF  gave  good  oscillator  frequency 
correlation. 

A 1N3064  diode  was  selected  to  provide  signal  limiting.  At  a reverse 
bias  of  12  V,  the  diode  capacitance  was  1 PF  and  its  parallel  resistance  150 K. 

R^  therefore  consists  of  the  actual  load  and  150  K and  28  K in  parallel. 
The  actual  plate  load  is  then  10  K.  This  was  later  increased  to  11  K because 
oscillation  would  not  commence  for  a worst-case  design  (Rr  = Rr  max)  when 
the  supply  voltage  was  decreased  by  20  percent. 

A diode  reverse  bias  of  12  VDC  was  found  suitable  for  preventing  crystal 
unit  overdrive. 
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6-12.  20  MC  Series  Oscillator  (6CW4  Triode)  Evaluation  Data 


Crystal  Units 
(CR-19A/U) 


Series  Resonance  . Rr 

Frequency  (MC)  (ohms) 


1 


19.999710 


2 

3 

4 (Unit  3 with 
7 ohm  series 
resistor) 


19.999980 

19.999980 

19.999840 


7 

8 
8 

15 


Figure  6-8.  20  MC  Triode  Series  Oscillator,  Schematic  Diagram 


Design  Evaluation  Data 

(All  results  for  worst-case  crystal  unit;  V0  - 11  VRMS) 


Effects  of 

Change 

+15%  B+  Change  on  Frequency 

Oscillator  VQ 

1 PPM 

AV0  = +20% 

Design  Evaluation  Data  (Cont) 


Effects  of 

Change 

-20%  B+  change  on  oscillator 

Frequency 

v0 

1 PPM 
AV0  = -30% 

±10%  change  in  Rl  on  oscillator 

Frequency 

Vo 

±1  PPM 
AV0  = ±10% 

±10%  change  in  heater  voltage  on 
oscillator 

Frequency 

V0 

<±1  PPM 
AV0  < ± 3% 

-55°C  to  +105°C  change  in  ambient 
temperature  on  oscillator 

Frequency 

' v0 

±28  PPM 
AVq  = ± 7% 

Contribution  of  oscillator  circuit  to 
frequency  deviations  in  temperature 
test 

< ±3  PPM 

Interchanging  crystal  units  on 
oscillator 

Frequency 

Miscorrelation 

Vo 

±2  PPM 
AV0  = ±22% 

6-13.  50-MC  Triode  (6CW4)  Series  Oscillator 


Crystal  Unit  Characteristics  (CR-72/U) 
Rr  max  = 40  ohras)  PCMAX  = 2 MW 


k 

Vmax 

TV0  min 

0.33 

0.33 

0.016 

0.5 

0.4 

0.02 

1 

0.57 

0.028 

Tube  Characteristics 

For  Ep  = HO'VDC,  Ip  = 6 MA,  VG  = -0.9  V,  Rp  = 7K,  fj,  = 63, 

and 


Rin(s/c)  = 110  ohms. 


Let  x 

Ri  = 40  ohms  (k  = 1),  then  Ty-  (s/c)  is  0.6 

and:  ^ 

0.35  <;  Tf—  s 0.51 

For  Tf~  = 0.4,  Ty  = 0.025,  RL  = 12 K,  RT  = 11.5  K, 

V-  o 

R^n  = 290  ohms,  and  Gy  = 1.32. 

If  TyQ  is  made  equal  to  3 and  Rp  equal  to  13  K,  R^  is  then  35  ohms, 
k is  0.88,  and  Gy^  i-43.  Rp  is  then  14. 6K.  Rp  • Ty2  8 ohms.  The 

total  crystal  unit  terminating  resistance  is  therefore  approximately  1.1  Rrmax- 

Using  a capacitive  divider  amplifier  output  network  and  with  the  notation 
of  Section  4,  the  network  values  are  obtained  as  follows: 

x(Ci  +C2)  - I <Rr  max  + Ri>  = 25  ohms 
giving: 

C1  +C2  - 130  PF 

Cl  +Cg  = — - — = 40 
Ci  0.025 

Therefore: 

C2 

C7  = 39 

Selecting  C2  as  390  PF  gives: 

Ci  = 10  PF 

The  plate  circuit  inductor  was  selected  to  resonate  with  20  PF,  requir- 
ing an  inductance  of  0.5  UH.  The  effective  parallel  resistance  of  the  inductor 
was  35  K,  and  that  of  the  resonant  circuit  consisting  of  the  inductor  and  the 
tuning  capacitance  network  was  22  K.  A capacitive  divider  network  was  also 
selected  for  the  amplifier  input  transforming  network.  The  relationships  are: 

X(C1+C2)  2 3 (rT  ‘ TV02  + Rr  max)  = 16  ohms 
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Ci  + C2  ^ 200  PF 

Cl  +C2  _ 

Cl  “ 3 


Selecting  C2  as  320  PF  gives: 

C1  =160  PF . 

The  cathode  inductor  must  therefore  resonate  with  approximately  106  PF 
plus  an  additional  20  PF  to  allow  for  tuning.  This  requires  an  inductance  of  0.04 
UH. 

Rl  consists  of  the  actual  load  in  parallel  with  22  K.  The  actual  plate 
load  is  then  42  K. 

The  schematic  of  the  circuit  is  shown  in  Figure  6-9.  This  design  was 
breadboarded  and  partially  tested  but  was  not  evaluated  in  detail.  The  partial 
testing  consisted  of  ensuring  that  satisfactory  oscillation  occurred  when  a crystal 


2K 


Figure  6-9.  50-MC  Series  Oscillator  Circuit 
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unit  having  a resonance  resistance  of  40  ohms  was  in  circuit  and  that  the  crystal 
unit  dissipation  could  be  held  below  2 MW.  Both  of  these  conditions  were  satis- 
fied,  the  latter  requiring  a 1.5  megohm  grid  leak  resistor.  The  oscillator 
frequency  correlation  was  within  ±5  PPM  for  several  crystal  units  having 
resonance  resistances  of  from  14  to  40  ohms.  Oscillation  would  commence 
when  operated  at  a reduced  supply  voltage  of  90  volts.  The  tube  could  be  changed 
without  substantially  affecting  the  oscillator  performance.  Voltage  measurements 
at  various  points  around  the  oscillator  loop  with  the  worst-case  crystal  in  circuit 
indicated  that  the  circuit  was  behaving  much  as  predicted  by  the  design  calculation.  • 

The  plate  circuit  is  very  critical  in  this  design,  with  the  inductor  and  the 
capacitor  network  contributing  the  major  part  of  the  amplifier  load.  If  a 
repetition  of  this  design  is  attempted,  care  will  be  necessary  in  selecting  the 
components  of  this  network  and  measurement  of  their  combined  resistance  be- 
fore installation  in  the  circuit  is  recommended.  Otherwise,  the  amplifier  load 
may  be  too  small,  preventing  oscillation  under  worst-case  conditions. 

6-14.  DESIGN  OF  SERIES  OSCILLATORS,  60  to  200  MC 

At  high  frequencies  the  characteristics  of  triodes  appear  to  become 
frequency  dependent.  Judging  from  measurements  of  amplifier  input  impedance 
and  voltage  gain,  the  parameter  affected  most  is  the  tube  plate  resistance 
which  appears  to  decrease  with  increasing  frequency.  The  effect  of  this  on  the 
amplifier  characteristics  is,  for  a given  total  load  Rtj  to  increase  the  voltage 
gain  and  decrease  the  input  resistance  relative  to  what  would  be  predicted  by 
calculations  based  on  the  tube  low-frequency  parameters. 

Insufficient  measurements  have  been  made  of  the  characteristics  of 
triode  amplifiers  to  allow  an  estimate  of  the  lowest  frequency  at  which  a signi- 
ficant difference  occurs  between  measured  and  calculated  characteristics.  • 
Presumably  the  effect  depends  to  a great  extent  on  the  physical  structure  of  the 
tube  and  is  therefore  likely  to  vary  markedly  between  tube  types.  It  is  there- 
fore uncertain  as  to  what  frequency  should  be  employed  as  a transition  point  at 
which  to  adopt  the  experimental  method  of  amplifier  characterization.  It  does 
appear,  however,  that  the  change  in  amplifier  behavior  occurs  above  60  MC  in 
the  types  of  tubes  likely  to  be  considered  for  use  at  these  frequencies,  making 
this  (for  want  of  a better  criterion)  a suitable  transition  frequency. 

Another  factor  favoring  an  experimental  approach  above  60  MC  is  the 
increasing  effect  of  stray  circuit  reactance.  This  may  have  an  appreciable 
effect  on  the  amplifier  characteristics,  even  to  the  extent  in  severe  cases  of 
causing  parasitic  oscillation.  The  circuit  layout  and  lead  dress  is  therefore 
often  an  important  design  factor  and,  furthermore,  one  which  can  only  be  dealt 
with  adequately  using  an  experimental  approach. 
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6-15.  Feasible  Design  Requirements 

It  is  evident- from  the  preceding  discussion  of  design  below  60  MC  that, 
at  frequencies  above  10  MC  when  using  tube  limiting,  a critical  selection  of  cir- 
cuit relationships  is  necessary  to  fulfill  the  various  design  conditions.  The 
relationships  between  the  amplifier  and  crystal  unit  characteristics  are  such 
that  the  design  is  only  feasible  when  using  the  most  suitable  tube  types.  This 
degree  of  design  refinement  is  acceptable  because  of  the  ease  with  which  the 
amplifier  characteristics  can  be  determined  by  calculation,  it  being  possible  to 
investigate  a number  of  amplifier  operating  conditions  in  a short  time.  At  these 
higher  frequencies  where  the  amplifier  characteristics  have  to  be  investigated 
experimentally,  this  is  no  longer  the  case.  The  determination  of  the  amplifier 
characteristics  is  then  a relatively  lengthy  process,  and  it  is  no  longer  practicable 
to  attempt  the  same  degree  of  circuit  optimization.  It  has  therefore  been  found 
necessary,  in  order  to  keep  the  design  process  realistic,  to  relax  the  design 
conditions. 

This  relaxation  is  obtained  in  two  ways:  firstly,  by  considering  that 
diode  limiting  is  a necessity,  and  secondly,  by  relaxing  the  requirement  on  the 
crystal  unit  terminating  resistance  level.  The  first  of  these  allows  an  increase 
in  the  plate  circuit  impedance  transforming  network  voltage  ratio,  in  turn 
reducing  the  amplifier  voltage  gain  required.  The  second  reduces  the  signal 
attenuation  between  the  crystal  unit  input  and  output  terminals,  also  decreasing 
the  amplifier  voltage  gain  required. 

The  advantage  to  be  gained  in  relaxing  the  crystal  unit  terminating 
requirements  is  not  too  great  unless  a circuit  simplification  can  also  be 
obtained.  This  is  feasible  because  of  the  reduction  in  loop  gain  made  possible 
by  the  stipulation  of  diode  limiting.  Consideration  of  the  characteristics  of  the 
types  of  triodes  most  suitable  for  this  application  indicates  that,  when  used  in 
the  grounded  grid  configuration,  the  amplifier  input  resistance  will  almost 
certainly  be  below  250  ohms. 

Relating  this  to  the  crystal  unit  series  resistance  shows  that  above  125 
MC  Rjn  will  not  be  more  than  2.  5 Ri  max*  Accepting  this  as  a suitable  termi- 
nating level  then  obviates  the  need  for  an  impedance  transforming  network  at 
the  amplifier  input,  resulting  in  a worthwhile  circuit  simplification. 

Below  125  MC,  in  the  worst-case,  Rin  will  be  5 Rr  max*  This  is  an 
undesirably  large  terminating  level,  but  an  improvement  to  a level  of  2 to  3 
Rr  max  can  be  obtained  when  necessary  by  connecting  a suitable  value  resistor 
in  parallel  with  the  amplifier  input. 


Based  on  these  considerations,  the  resulting  oscillator  circuit  is  as 
shown  in  Figure  6-10,  where  the  resistor  shown  in  dashed  lines  is  the  amplifier 
input  loading  resistor  which  may  be  necessary  to  reduce  the  crystal  unit  termi- 
nating level  to  a value  of  2 to  3 Rr  max . 


TP  1072-72  — 

Figure  6-10.  Series  Oscillator  Circuit,  60  to  200  MC 
6-16.  Loop  Gain  Formulae 

The  loop  voltage  gain  relationships  are  similar  to  those  derived  in 
Paragraph  6-7  with  the  exception  that  the  voltage  ratio  of  the  amplifier  input 
impedance  transformers  is  no  longer  a factor.  The  three  items  involved  are: 

(a)  The  amplifier  voltage  gain  (Gy)  from  the  tube  cathode  to  plate 

(b)  The  voltage  ratio  (Ty  ) of  the  amplifier  output  impedance  trans- 
forming network 

(c)  The  voltage  attenuation  (Ay^  ) between  the  crystal  unit  input  and 
output  terminals 

These  terms  combine  to  give  the  loop  voltage  gain  as: 

GyL  = Gy  • Tyo  • Ayc  (6-29) 
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The  crystal  unit  voltage  attenuation  factor  Ay^  Is  related  to  the  amplifier 
input  resistance  by  the  equation: 

Rin 


AyC  R 


r max 


+ ^n 


(6-30) 


Or,  above  100  MC: 


AVc  = 


nn 


R1 


max  + -^in 


(6-31) 


And  the  voltage  ratio  of  the  amplifier  output  transformer  is  related  to  the  feed- 
back network  input  resistance  (neglecting  losses)  as: 


Rfb  = 


Rr  max  + Rin 


(6-32) 


For  a feasible  design  it  is  necessary  that  the  feedback  network  input 
resistance  should  be  larger  than  the  total  amplifier  plate  load  resistance. 


The  amplifier  measurements  give  values  for  Gy  and  Rin  which  in  turn 
gives  Ayc  , leaving  TVq  as  the  only  unknown  in  Equation  (6-29) . A loop  voltage 

gain  of  1.4  is  usually  suitable  for  a worst-case  design,  and  substituting  this 
value  into  Equation  (6-29)  gives: 


1.4 


LVn 


TV 


(6-33) 


6-17.  DESIGN  PROCEDURE  FOR  OSCILLATOR  CIRCUITS,  60  TO  200  MC 


Step  1 - Select  a crystal  unit  type  applicable  at  the  desired  operating  fre- 
quency, and  determine  from  the  specification  sheet  the  crystal  unit  dissipation 
rating  PcMAX  and  the  maximum  resonance  resistance  Rr  max  at  this  frequency. 
From  100  to  125  MC  where  neutralizing  of  the  crystal  unit  parallel  capcitance  is 
required,  the  specified  values  of  maximum  resonance  resistance  can  be  regarded 
as  equivalent  to  the  maximum  values  of  the  motional  arm  resistance  Rj  max. 
Above  125  MC  where  no  military  specification  exists  for  crystal  units  at  this 
time,  Ri  max  can  be  specified  to  the  manufacturer  as  100  ohms,  and  the  crystal 
dissipation  rating  can  be  considered  as  2 MW. 


Step  2 - Select  a suitable  tube  type.  In  this  frequency  range  the  physical 
characteristics  of  the  tube  are  equally  as  important  as  the  usual  electrical 
characteristics  specified  in  the  data  sheets.  In  making  a selection  attention  should 
be  confined  to  those  tubes  having  a small  electrode  structure  and  a minimum  of 
lead  length  between  the  active  parts  of  the  structure  and  the  connecting  pins. 
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A multiplicity  of  grid  connections  is  also  indicative  of  high  stable  voltage  gain  at 
high  frequencies,  since  when  correctly  used  these  decrease  the  possibility  of 
interaction  in  the  grid  circuit  between  the  plate  and  cathode  signals. 

With  regard  to  the  low-frequency  electrical  characteristics,  the  high  ^ , 
low  Rp  types  appear  to  be  most  suited  to  this  application.  For  although  the 
amplifier  voltage  gain  requirements  are  not  as  stringent  as  below  60  MC, 
because  of  the  relaxation  of  the  design  conditions,  the  tendency  of  the  amplifier 
to  instability  is  significantly  increased  at  the  higher  frequencies.  It  is  normally 
possible  to  minimize  the  undesirable  effects  of  this  by  operating  at  a low  plate 
resistance  level,  a condition  that  can  probably  be  most  easily  satisfied  while 
also  obtaining  a relatively  high  voltage  gain  from  the  high  fj,,  low  Rp  type  triodes 

Step  3 - Select  a suitable  DC  operating  point  for  the  tube.  In  order  to 
obtain  high  voltage  gain  at  the  low  plate  load  resistance  levels  dictated  by 
amplifier  instability  considerations,  it  is  desirable  to  minimize  the  plate  resis- 
tance of  the  tube.  The  low-frequency  plate  resistance  of  the  tube  appears  to  be 
a useful  guide  in  doing  this,  an  operating  point  that  minimizes  the  low  frequency 
Rp  resulting  in  a correspondingly  low  Rp  at  high  frequencies. 

The  tube  DC  operating  conditions  are  therefore  selected  by  examining 
the  low-frequency  characteristic  curves  for  a bias  point  giving  a low  plate 
resistance.  This  invariably  entails  low  grid  bias  voltage  and  high  plate  current 
conditions.  The  operating  point  should,  of  course,  be  within  the  dissipation 
rating  of  the  tube,  and  this  frequently  necessitates  a low  DC  plate  voltage. 

Step  4 - Calculate  the  component  values  for  the  test  amplifier  circuit. 

The  circuit  will  be  of  the  form  shown  in  Figure  6-11.  The  plate  circuit  inductor 
should  resonate  with  from  10  to  20  PF,  and  it  is  desirable  that  the  plate  circuit 
Q should  be  sufficiently  high  that  its  effective  parallel  resistance  is  large  com- 
pared to  the  highest  value  of  plate  load  resistor  Rq1  that  will  be  used  during  the 
test.  At  60  MC,  the  largest  likely  value  of  R-p  will  probably  be  of  the  order  of 
15  K,  decreasing  to  perhaps  10  K at  200  MC.  Inductor  Q's  of  200  to  400  are 
therefore  needed  to  fulfill  this  requirement, .and  this  tends  to  rule  out  the  use  of 
all  but  air-spaced  coils.  A large  variety  of  handbooks  give  formulae  for  the 
inductance  of  such  coils  and  one  in  particular  which  has  been  found  useful,  be- 
cause it  also  gives  formulae  for  estimating  the  Q of  the  coil  as  a function  of  its 
dimensions,  is  "The  Radio  Designer’s  Handbook"  edited  by  F.  Langford  Smith. 

The  cathode  and  heater  chokes  should  be  chosen  to  be  self -resonant  at 
the  design  frequency.  The  effective  parallel  resistance  of  the  former  should 
preferably  be  over  IK  at  the  design  frequency  so  that  the  amplifier  input 
resistance  contribution  of  this  component  will  be  small.  It  may  be  beneficial 
from  the  viewpoint  of  signal  radiation  via  the  heater  leads  to  bifilar-wind  the 
heater  chokes. 


• B + 


Figure  6-11.  Amplifier  Test  Circuit 


The  cathode,  heater,  and  supply  voltage  decoupling  capacitors  should  be 
chosen  to  be  self-resonant  at  the  design  frequency  when  measured  with  mini- 
mum lead  length.  A grid-dip  meter  is  useful  for  determining  this  condition  and 
the  self-resonance  frequency  of  die  chokes. 


Step  5 - Construct  the  amplifier  test  circuit.  The  circuit  layout  should 
follow  good  engineering  practice  with  regard  to  minimizing  lead  lengths  and  the 
decoupling  of  supply  lines.  To  decrease  the  possibility  of  feedback  within  the 
amplifier,  the  grid  and  cathode  circuits  should  be  spaced  as  far  as  possible 
from  the  plate  circuit  consistent  with  maintaining  minimum  lead  lengths.  The 
plate-to-grid  and  the  grid-to-cathode  ground  return  signal  paths  should  not  be 
common  to  each  other.  The  layout  should  allow  access  to  the  plate  and  cathode 
for  voltage  measuring  probes,  and  the  impedance  bridge  connections  should  be 
situated  immediately  adjacent  to  the  cathode.  With  the  object  of  converting  this 
breadboard  to  the  prototype  oscillator,  provision  should  be  made  for  installing 
the  feedback  circuit  components  at  a later  stage. 

Figure  5-3  shows  a circuit  layout  constructed  on  a brass  chassis  de- 
signed to  mount  directly  on  the  ground  terminal  of  the  RX  meter.  This  layout 
was  for  a tube  with  a top-cap  plate  connection.  This  is  a very  suitable  tube 
configuration  since  it  allows  the  plate  and  input  circuits  to  be  completely 
separated  by  the  shield  on  which  the  tube  mounts.  Most  tubes  do  not  have  this 
physical  form,  and  it  is  more  difficult  to  obtain  a satisfactory  circuit  layout. 
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When  the  tube  plate  connection  is  brought  out  at  the  tube  base,  possibly  the  best 
solution  is  to  erect  a shield  across  the  middle  of  the  tube  socket  with  the  plate 
circuit  on  one  side  and  the  cathode  and  heater  circuits  on  the  other  side.  The 
plate  inductor  and  tuning  capacitor  should  not  be  installed  at  this  stage. 

Step  6 - Determine  the  amplifier  characteristics.  For  the  oscillator 
designs  subsequently  to  be  introduced,  the  method  employed  an  impedance 
measuring  bridge  as  the  amplifier  input  signal  source.  In  this  instance,  the 
bridge  was  a Boonton  RX  Meter,  but  other  types  should  be  equally  applicable 
provided  that  the  signal  voltage  at  the  bridge  terminals  is  sufficiently  low.  The 
object  is  to  measure  the  small  signal  amplifier  characteristics,  and  too  large  a 
signal  may  modify  the  results  obtained,  particularly  if  signal  limiting  occurs. 

In  view  of  the  voltage  gain  levels  expected,  a bridge  output  signal  level  of  50  to 
100  MV  is  considered  most  suitable.  The  signal  output  of  the  RX  Meter  may  be 
larger  than  this,  and  the  particular  instrument  used  in  these  tests  was  modified 
to  make  the  bridge  output  signal  adjustable.  This  modification  is  described  in 
detail  in  the  instruction  manual  and  consists  of  connecting  a variable  resistor 
in  series  with  the  bridge  oscillator  DC  supply  voltage  line.  The  modification 
requires  approximately  one  hour  to  introduce  and  is  in  any  case  a desirable 
improvement  of  the  instrument,  greatly  enhancing  its  usefulness,  particularly 
for  semiconductor  circuit  measurements. 

When  using  the  RX  Meter  at  signal  levels  of  50  to  100  MV  at  high  fre- 
quencies, adjusting  the  output  signal  level  will  often  cause  a sufficient  change  of 
the  bridge  oscillator  frequency  to  desensitize  the  null  detector  circuit  unless  a 
corresponding  adjustment  of  the  heterodyne  oscillator  is  made.  (This  oscillator 
is  required  to  operate  at  a frequency  100  KC  removed  from  the  bridge  oscillator 
frequency  to  produce  a 100-KC  difference  frequency  which  is  then  fed  to  the  null 
detector  circuit. ) 

The  measurement  procedure  is  as  follows:  Adjust  the  RX  Meter  to 
operating  conditions  at  the  design  frequency.  Measure  and  note  the  input 
impedance  of  the  RF  voltmeters  that  will  be  used  to  measure  the  amplifier  input 
and  output  signal  voltages.  Measure  the  resistance  of  a number  of  carbon 
resistors,  and  select  several  having  actual  resistance  values  in  the  range  of  1 
to  15  K for  use  as  amplifier  loads.  Values  of  approximately  1,  1.6,  2.5,  4,  6, 
10,  and  15  K are  suitable.  The  graphs  of  Figure  5-2  may  be  useful  when  making 
a preliminary  selection  of  resistors,  although  a wide  variation  of  the  ratio  of 
AC  to  DC  resistance  can  be  expected  for  resistors  of  different  manufacture. 

Measure  the  effective  parallel  resistance  of  the  plate  inductor  and  tuning 
capacitor  when  tuned  to  resonance.  Calculate  the  actual  total  amplifier  load 
resistance  for  each  load  resistor.  This  consists  of  the  parallel  combination  of 
the  measured  resistance  of  the  loading  resistor,  the  plate  circuit  RF  voltmeter 
parallel  resistance,  and  the  effective  parallel  resistance  of  the  plate  circuit 
inductor  and  tuning  capacitor. 


Install  the  plate  tuned  circuit.  Connect  the  amplifier  to  the  RX  Meter 
terminals,  with  the  "live1'  terminal  connecting  to  the  tube  cathode  via  a capacitor 
of  low  impedance.  Short  circuit  the  plate  tuned  circuit  to  the  decoupled  DC  plate 
supply  point,  null  the  bridge  while  setting  the  bridge  output  voltage  in  the  range 
of  50  to  100  MV,  retuning  the  detector  oscillator  if  necessary.  Note  the 
amplifier  parallel  input  impedance  components.  Measure  the  signal  appearing 
at  the  decoupled  DC  supply  point  and  at  the  cathode  decoupling  point  to  ascertain 
that  the  decoupling  is  adequate . 

Replace  the  short  circuit  with  one  of  the  load  resistors  and  tune  the  plate 
circuit  for  maximum  plate  voltage.  Null  the  RX  Meter  and  retune  the  plate 
circuit  for  maximum  signal.  Null  the  RX  Meter  again  if  necessary.  Note  the 
amplifier  parallel  input  impedance  components  and  the  amplifier  input  and  output 
voltages.  Repeat  this  process  for  the  remaining  load  resistors. 

Using  a signal  generator  and  a calibrated  attenuator,  measure  the  relative 
accuracies  of  the  RF  voltmeters  at  the  scale  settings  employed  in  the  test.  Cor- 
rect the  relative  readings  accordingly  and  calculate  the  amplifier  voltage  gain 
for  each  load  resistor  value.  Plot  the  voltage  gain  and  the  amplifier  input  re- 
sistance as  a function  of  the  total  amplifier  load  resistance. 

The  amplifier  will  also  have  a parallel  reactive  component  which  will 
normally  lie  in  the  range  of  ±5  PF,  It  is  usually  capacitive  at  low  amplifier 
load  levels,  becoming  inductive  as  the  plate  load  is  increased  due  to  the  feedback 
via  the  stray  capacitance  between  the  plate  and  cathode.  Normally  this  reactance 
is  large  compared  to  the  resistive  component  and  can  be  neglected.  At  the  highest 
frequencies,  however,  it  may  be  comparable  with  the  resistance  and  then  appears 
to  be  a potential  source  of  loop  phase  and  gain  errors.  In  practice  this  does  not 
appear  to  be  the  case,  however;  the  introduction  of  a resonating  capacitor  to 
cancel  this  component  producing  no  significant  change,  in  oscillator  performance. 
Based  on  these  experimental  findings,  it  appears  justifiable  to  neglect  the  parallel 
reactive  component  of  the  amplifier  input  impedance. 

A possible  alternative  method  of  amplifier  characterization,  but  one  which 
has  not  been  experimentally  tested,  would  appear  to  be  to  drive  the  amplifier 
from  a signal  generator  via  a resistance  equal  to  Rr  max  or  Rj  max,  whichever 
is  appropriate.  Voltage  measurements  at  the  input  to  the  resistor  simulating 
Rr  max  or  Rj  max  and  at  the  cathode  would  then  give  the  value  of  Ay  , enabling 

v 

Rjm  to  be  estimated.  This  would  give  an  indication  of  whether  or  not  the  termin- 
ating level  was  suitable.  Measurement  of  the  plate  voltage  would  then  enable 
estimation  of  the  net  voltage  gain, corresponding  to  Gy  • Ay^,  from  the  input  of 
the  resistor  simulating  the  crystal  unit  resistance  to  the  plate. 
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Step  7 - Select  an  amplifier  operating  condition  for  the  oscillator  design. 
The  problem  is  one  of  choosing  an  amplifier  total  plate  load  resistance  that  is 
suitably  small  relative  to  R^g  and  tuned  circuit  losses,  and  is  also  sufficiently 
small  that  the  amplifier  is  stable, while  giving  an  adequate  loop  voltage  gain. 
Numerous  alternatives  exist,  and  it  is  a matter  of  choice  on  the  part  of  the 
designer  as  to  where  to  operate  the  amplifier.  Perhaps  the  best  method  is  to 
determine  several  suitable  oscillator  loop  relationships  and  then  make  a selection 
of  one  of  these  on  the  basis  of  the  amplifier  voltage  gain  required. 


The  procedure  is  as  follows:  Select  a value  of  total  amplifier  plate  load 
resistance  and  tabulate  this  together  with  the  amplifier  input  resistance  Rin  and 
voltage  gain  Gy.  Adjust  Rin  if  necessary  to  be  not  more  than  3 Rr  max-  Cal- 
culate: 


A Vr  = 


Rin 


Rr  max  + Rin 


A loop  voltage  gain  of  1.4  is  usually  adequate  for  a worst-case  design  where  Rr 
is  equal  to  Rr  max-  The  required  value  of  TyQ  is  then: 

T = 1.4 

vo  AVc  . Gy 

Calculate  the  feedback  network  input  resistance,  neglecting  losses, 

from: 


Rr  max  + Rin 


Calculate  the  resistance  of  the  parallel  combination  of  Rpg  and  the  previously 
measured  effective  parallel  resistance  of  the  plate  circuit  and  the  voltmeter 
used  in  the  plate  circuit.  Designating  this  resistance  as  Rn,  calculate  the  actual 
oscillator  load  resistance  from: 

Rn  • RT 
rL  - Rn  - RT 

If  Rn  is  smaller  than  R-g  the  design  is,  of  course,  not  feasible. 

If  the  amplifier  input  resistance  Rjn  is  less  than  Rr  max,  maximum 
crystal  unit  dissipation  will  occur  for  a crystal  unit  having  a resonance  resistance 
equal  to  R^n,  assuming  the  plate  signal  voltage  is  reasonably  constant.  The 
allowable  plate  signal  voltage  is  then: 

2 VPCMAX  • Rin 

*o  max  Tv 

vo 
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This  is  the  permissible  voltage  when  the  crystal  unit  in  circuit  has  a resonance 
resistance  equal  to  Rjn.  When  a worst-case  crystal  unit  having  a resonance 
resistance  equal  to  Rr  max  is  in  circuit,  the  loop  gain  and  hence  the  plate  signal 
voltage  will  be  smaller. 

If  the  amplifier  input  resistance  is  larger  than  Rr  max,  maximum  crystal 
unit  dissipation  will  occur  for  a crystal  unit  having  a resonance  resistance  equal 
to  Rr  max)  assuming  the  plate  signal  voltage  does  not  increase  too  greatly  as 
the  loop  gain  increases.  The  allowable  plate  signal  voltage  is  then: 

Rin  \ VPCMAX  • Rr  max 
Rr  max  J ^V0 

The  relationship  between  the  allowable  plate  signal  voltage  and  the 
limiting  diode  reverse-bias  DC  voltage  does  not  appear  to  be  simple.  Judging 
by  experimental  results,  the  required  diode  DC  bias  voltage  will  be  somewhere 
in  the  range  between  the  RMS  and  the  peak  plate  signal  amplitudes.  Selecting 
a diode  DC  bias  voltage  equal  to  the  RMS  signal  amplitude  should  result  in  plate 
signal  limiting  at  a level  below  the  permissible  amplitude  previously  calculated. 
Experimental  adjustments  may  then  be  made  if  necessary. 

The  parallel  impedance  components  of  the  diode  selected  should  be 
measured  at  the  calculated  DC  reverse -bias  voltage  at  the  design  frequency. 

The  circuit  of  Figure  6-12  is  suitable  for  this  measurement,  provided  that 
the  resistor  R does  not  introduce  appreciable  loading.  This  can  be  ascertained 
by  measuring  the  circuit  impedance  without  the  diode.  At  the  higher  frequencies 
due  to  the  low  resistance  of  even  high-value  carbon  resistors  at  these  frequencies, 
it  may  be  necessary  to  calculate  the  diode  resistance  from  the  measurements 
obtained  with  the  diode  in  and  out  of  circuit.  If  the  diode  parallel  resistance 
value  obtained  is  not  negligibly  large  compared  to  the  previously  derived  value 
of  oscillator  load,  R-^  will  need  to  be  Increased  accordingly  to  ensure  adequate 
loop  gain. 


Figure  6-12*  Limiter  Diode  Test  Circuit 


Step  8 - Calculate  the  impedance  transformer  component  values  for  the 
value  of  TyQ  obtained.  The  capacitive  divider  appears  to  be  the  most  suitable 

network  to  use  for  this  purpose.  The  design  relationships  for  this  network  are: 

C1 

Tvo  C1+C2 

and 

X(C1+C9)  £ 3 (Rr  max  + Rin) 

This  latter  condition  is  imposed  by  phase  angle  considerations  as  discussed  in 
Section  4.  Convert  the  amplifier  circuit  to  the  oscillator  circuit,  introducing 
the  amplifier  input  loading  resistor  if  applicable.  Various  preliminary  experi- 
mental tests  of  the  oscillator  circuit  similar  to  those  described  in  Paragraph 
6-8,  Step  6 may  be  found  useful.  • 

The  prevention  of  excessive  regeneration  within  the  amplifier  is  one  of 
the  major  design  factors  at  the  higher  frequencies.  In  its  mildest  form  amplifier 
regeneration  can  be  detected  as  a peculiarity  of  the  oscillator  tuning.  As  the 
plate  circuit  is  tuned  through  the  region  where  the  maximum  plate  signal  voltage 
occurs,  a dissymmetry  of  the  signal  voltage  as  a function  of  tuning  will  be  noted. 
In  severe  cases  the  action  is  quite  abrupt,  oscillation  ceasing  immediately  after 
tuning  through  peak  output.  Furthermore,  when  retuning  to  restart  oscillation, 
it  is  necessary  to  tune  past  the  point  of  peak  output  before  oscillation  recom- 
mences. 

The  severity  of  this  effect  is  an  indication  of  the  relative  stability  of  the 
amplifier,  and  in  a satisfactory  oscillator  it  should  be  possible  to  tune  smoothly 
through  the  region  of  peak  plate  signal  voltage.  If  this  is  not  the  case,  the  cir- 
cuit should  be  redesigned  using  a lower  value  of  amplifier  total  resistance. 

Another  possibility,  which  has  not  been  tried  with  tube  amplifiers  but  appeared 
to  work  satisfactorily  with  transistor  amplifiers,  is  to  introduce  partial  neutraliz- 
ing in  the  circuit  by  means  of  an  inductor  across  the  crystal  socket.  The  re- 
generative effect  appears  to  be  mostly  due  to  feedback  via  the  stray  capacitance 
between  the  plate  and  the  cathode.  An  inductor  across  the  crystal  socket  will 
cause  a signal  current  to  flow  from  the  plate  to  the  cathode  approximately  in 
phase  opposition  to  that  due  to  the  stray  capacitance,  reducing  the  regeneration. 
Above  100  MC  where  an  inductor  is  normally  used  to  cancel  the  crystal  unit 
parallel  capacitance,  this  simply  entails  decreasing  the  value  of  this  inductor 
below  that  required  for  C0  cancellation. 

6-18.  DESIGN  EXAMPLES  AND  EVALUATION  DATA,  60  TO  200  MC 

Four  designs  and  evaluations  were  carried  out  in  this  frequency  range. 

Two  of  these,  however,  were  not  very  satisfactory  because  of  the  amount  of 
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experimental  adjustment  required  to  obtain  a satisfactory  oscillator.  The  un- 
satisfactory designs  employed  the  type  5718A  subminiature  tube  which  has  a 
typical  low-frequency  amplification  factor  of  25  and  a plate  resistance  of  4 K. 
The  design  frequencies  were  100  and  200  MC. 

The  major  problem  encountered  in  these  designs  was  that  of  suppressing 
uncontrolled  oscillation  which  tended  to  occur  when  the  plate  circuit  was  mis- 
tuned.  Numerous  adjustments  of  the  plate  and  grid  circuits  were  required  be- 
fore these  effects  were  finally  eradicated.  In  the  200  MC  design  this  entailed 
operating  at  a low  amplifier  voltage  gain  and  with  a 200-ohm  loading  resistor 
at  the  amplifier  input  before  adequate  amplifier  stability  was  obtained.  In  the 
100  MC  design  a higher  amplifier  voltage  gain  was  used  and  the  effect  was 
more  severe. 

It  appears  that,  although  the  electrode  structure  of  the  57 18 A tube  is 
physically  small,  the  connecting  lead  lengths  within  the  tube  and  the  close 
proximity  of  these  leads  are  sufficient  to  make  the  tube  unsuitable  for  crystal 
oscillator  design  at  high  frequencies.  These  designs  are  included  for  complete- 
ness and  to  indicate  the  problems  that  may  be  met  when  designing  at  these 
frequencies  and  are  not  recommended  for  duplication. 

The  other  two  designs  used  the  8058  nuvistor  triode.  This  tube  is 
similar  in  characteristics  to  the  6CW4  but  has  a completely  different  physical 
form,  having  a top  cap  plate  connection  and  a grid  grounding  connection  en- 
circling the  tube  body.  The  results  obtained  using  this  tube  were  excellent, 
perhaps  because  of  the  good  shielding  between  input  and  output  circuits  possible 
with  a tube  of  this  physical  form.  This  is  a relatively  costly  tube  and  it  may  be 
possible  to  achieve  similar  results  with  the  6CW4,  although  since  this  latter 
tube  is  single-ended,  the  shielding  between  input  and  output  circuits  will  not  be 
as  good. 

6-19.  100-MC,  5718A  Series  Oscillator 

Crystal  Unit  Characteristics  (CR-56A/U) 

PCMAX  “ 2 MW>  Rr  max  = 60  ohms 
The  tube  DC  operating  point  was  selected  at 

Ep  = 100  VDC,  Ip  = 10  MA,  VG  = -1VDC. 

The  amplifier  test  circuit  was  similar  to  that  shown  in  Figure  6-13,  ex- 
cluding the  feedback  components  and  the  physical  layout  as  shown  in  Figure  6-14 
the  chassis  mounting  directly  on  the  RX  Meter  ground  terminals  with  the  line 
terminal  protruding  through  the  chassis  adjacent  to  the  cathode  connection. 


NOTES 
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ALL  CAPACITORS  IN  UUF 
UNLESS  OTHERWISE  NOTED 

Ip  = 10  MA 


Figure  6-13.  100-MC  Series  Oscillator  Circuit 


The  measured  voltage  gain  and  the  amplifier  input  resistance  (corrected 
for  the  300  ohms  from  cathode  to  ground  shown  in  Figure  6-13)  were  as  shown 
in  Figure  6-15.  The  working  point  was  selected  at 


Ry  = 3 K,  R^n  = 190  ohms,  Gy  = 14. 


Then  Ayc  = 0.76  and  TyQ  = 0.13,  giving: 
Rfb  = 14.4  K. 


i 
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400 


Figure  6-15.  Input  Resistance  and  Power  Gain  Versus  Load  Resistance, 

5718 A Tube  at  100  MC 


I 


The  voltage  measuring  probe  and  tuned  circuit  parallel  resistances  were  50  K 
and  25  K,  giving  R-^  = 4.9  K.  Using  a capacitive  divider  feedback  network, 
the  relationships  are: 

rj  Ci+C2  = 0,13  X(Ci+C2)  - 83  ohms 

If  C2  is  20  PF,  = 3 PF,  then  + q^)  ~ 70  ohms.  The  allowable 

plate  signal  voltage  is  11  VRMS.  The  evaluation  data  for  this  oscillator  are 
presented  in  Figure  6-16  and  Table  6-3. 


TPI072-89  TEMPERATURE  (°C) 

Figure  6-16.  Frequency  Versus  Temperature  Characteristics, 
100-MC  Tube  Oscillator 
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VOLTAGE  GAIN 
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6-20.  150-MC,  8058  Series  Oscillator 


Crystal  Unit  Characteristics 
Similar  to  CR-56A/U 

Assumed  Rrmax  = 100  ohms,  PqmAX  = 2 MW 

The  tube  DC  operating  point  was  selected  at 

Ep  = 80VDC,  Ip  = 10  MA,  VG  = 0. 

The  amplifier  test  circuit  was  similar  to  that  shown  in  Figure  6-17  excluding 
the  feedback  network,  and  the  measured  data  are  plotted  in  Figure  6-18. 

A working  point  was  selected  at  R^  = 2.7  K, 

Gy  - 36,  Rjn  = 85  ohms. 

Then 

Avq  = 0.46  and  Ty^  = 0.085, 

giving  Rpg  = 25  K.  The  voltage  measuring  probe  parallel  resistance  was  50  K 
and  the  tuned  circuit  parallel  resistance  was  23  K,  giving  RG  = 3.7  K. 

Using  a capacitive  divider  feedback  network,  the  relationships  are: 

Cl 

C/'+Co  = 0,085  and  X(C ! + C2)  - 62  ohms 


TP  1072-  1 1 6 


NOTES 

ALL  CAPACITORS  IN  UUF 
UNLESS  OTHERWISE  NOTED 

Ip  = 10  MA 

Lx  RESONATES  WITH  C0  OF 
CRYSTAL  Y 


Figure  6-17.  150-MC  Series  Oscillator  Circuit 
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Figure  6-18,  Input  Resistance  and  Voltage  Gain  Vs.  Load  Resistance, 

8058  Nuvistor  at  150  MC 

If  C2  is  50  PF,  Ci  = 4 PF,  then  + q2)  = 20  ohms.  The  allowable 

plate  signal  voltage  is  9 VRMS.  A limiter  diode  reverse  bias  of  12  V was  found 
to  give  a suitable  signal  limiting  action. 

The  only  other  experimental  adjustment  required  to  obtain  satisfactory 
oscillation  under  all  test  conditions  was  to  increase  Cj  to  5 PF.  The  evaluation 
data  for  this  oscillator  are  presented  in  Figure  6-19  and  Table  6-4. 


Figure  6-19.  Frequency  Vs.  Temperature,  150-MC  Tube  Oscillator  (8058) 
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6-21.  200-MC,  8058  Series  Oscillator 


Crystal  Unit  Characteristics 
Similar  to  CR-56A/U 

Assumed  Rrmax  = 100  ohms,  PCMAX  “ 2 MW 

The  tube  DC  operating  point  was  selected  at: 

Ep  = 80VDC,  Ip  = 10  MA,  Vg  = 0. 

The  amplifier  test  circuit  was  similar  to  that  shown  in  Figure  6-20,  excluding 
the  feedback  circuit,  and  the  measured  data  are  plotted  in  Figure  6-21. 

A working  point  was  selected  at  R^  = 2.5  K,  Gy  = 45,  and  R^n  = 75 
ohms,  where  R'p  includes  the  plate  circuit  losses.  Then, 

Ay,-^,  = 0.43  and  Ty^  = 0.073, 

giving 

Rfb  = 33  K. 


The  voltmeter  probe  resistance  was  8 K and,  since  the  tuned  circuit 
losses  are  already  accounted  for  in  R^,  the  oscillator  load  is  4. 1 K.  Using  a 
capacitive  divider  feedback  network,  the  relationships  are: 


Cl 

Cl  + C2 


0.073 


X(CX  + c2)  - 58  ohms 


NOTES 

ALL  CAPACITORS  IN  UUF 
UNLESS  OTHERWISE  NOTED 

Ip  = 10  MA 

Lx  RESONATES  WITH  Cq  OF 
CRYSTAL  Y 


TPI072-81 

Figure  6-20.  200-MC  Series  Oscillator  Circuit 
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FREQUENCY  (MC) 


Figure  6-21.  Input  Resistance  and  Voltage  Gain  Versus  Total  Load 
Resistance  (minus  coil  losses),  8058  Nuvistor  at  200  MC 


If  C2  is  25  PF,  C1  = 1.8  PF,  then  X(Ci  + C2)  = 30  ohms-  The  allow- 
able plate  signal  voltage  is  then  10  VRMS.  Using  a limiter  diode  reverse  bias 
of  7.5  VDC,  limiting  was  obtained  at  a plate  signal  voltage  of  6 VRMS. 

To  obtain  satisfactory  oscillation  under  all  test  conditions,  it  was  neces- 
sary to  increase  C^  to  3 PF.  The  evaluation  data  for  this  oscillator  are  pre- 
sented in  Figure  6-22  and  Table  6-5. 


TP  1072-06  TEMPERATURE  (°C1 

Figure  6-22.  Frequency  Vs.  Temperature,  200  MC  Tube 
Oscillator  (8058) 
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6-22.  200-MC,  5718A  Series  Oscillator 

Crystal  Unit  Characteristics 
Similar  to  CR-56A/U 

Assumed  Rrrnax  = 100  ohms 
PCMAX  = 2 MW 

The  tube  DC  operating  point  was  selected  at 

Ep  = 100  VDC,  I = 7.5  MA,  = 1.5  VDC 

The  amplifier  test  circuit  was  similar  to  that  shown  in  Figure  6-23,  excluding 
the  feedback  network,  and  the  measured  data  are  plotted  in  Figure  6-24. 

A working  point  was  selected  at 

Rt  = 1.6  K,  Gv  = 11,  Rin  = 120  ohms 

Then: 

Ay^  = 0.55  and  Ty^  = 0.25, 

giving 

Rfb  - 3.5K. 

The  voltage  measuring  probe  parallel  resistance  was  8 K,  and  the  tuned  circuit 
effective  parallel  resistance  was  40  K,  giving: 

Rl  = 5.3  K. 
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Figure  6-24.  Input  Resistance  and  Voltage  Gain  Versus  Load  Resistance, 

5718A  Tube  at  200  MC 


Using  a capacitive  divider  feedback  network,  the  relationships  are: 

= 0-25,  X(Cl+C2)  * 73  ohms 

If  C2  = 25  PF,  Cx  - 8.2  PF,  then 

X(C!  + C2)  = 26  ohms' 
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The  allowable  plate  signal  voltage  is  4 VRMS.  Using  a limiter  diode 
reverse  bias  of  2 V,  limiting  was  obtained  at  a plate  signal  voltage  of  2.7  VRMS. 
The  evaluation  data  for  this  oscillator  are  presented  in  Figure  6-25  and  Table 


6-6. 


Figure  6-25.  Frequency  Versus  Temperature,  5718A  Tube  at  200  MC 
6-23.  DESIGN  OF  SERIES  OSCILLATORS,  1 KC  TO  100  KC 

Below  90  KC  the  resonance  resistance  of  crystal  units  is  so  large  that 
the  grounded  grid  amplifier  circuit  is  no  longer  suitable  because  of  the  excessive 
attenuation  that  would  occur  between  the  crystal  unit  input  and  the  amplifier 
input  terminals.  A more  suitable  oscillator  configuration  then  consists  of  a 
grounded-cathode  amplifier  and  a phase -inverting  feedback  network  as  shown  in 
Figure  6-26.  In  this  circuit  the  grid  leak  resistor  Rg  is  usually  the  major  part 
of  the  crystal  unit  output  terminating  resistance  and  can  be  selected  to  provide 
a suitable  terminating  level  without  incurring  an  excessive  attenuation. 

The  major  disadvantage  of  this  circuit  is  the  large  tuned  circuit  compo- 
nent values  required  at  the  lower  frequencies  which  may  make  the  alternative 
circuits  presented  later  more  desirable.  This  does  not  apply  at  the  higher  fre- 
quencies, and  this  circuit  may  perhaps  be  used  advantageously  up  to  500  KC. 
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TPI072-85 

Figure  6-26.  Oscillator  Circuit  For  Use  Below  90  KC 

6-24.  Crystal  Unit  Characteristics 

The  only  military  type  series  resonance  crystal  unit  applicable  in  this 
frequency  range  is  the  CR-50A/U  covering  the  range  from  16  to  100  KC.  The 
major  characteristics  of  this  crystal  unit  are: 

Frequency  Range:  16  to  100  KC,  inclusive 

Overall  Frequency  Tolerance:  ±0.012  percent 

Operating  Temperature  Range:  -40  to  +70°C 

Rated  Dissipation:  0.1  MW 
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There  are  no  military  type  crystal  units  applicable  at  frequencies  below 
16  KC,  but  crystal  units  are  manufactured  for  operation  at  frequencies  from 
below  1 KC  to  16  KC.  Typical  manufacturer's  data  for  these  give  the  following 
major  characteristics: 


Overall  Frequency  Tolerance: 
Operating  Temperature  Range: 
Rated  Dissipation: 

Maximum  Resonance  Resistance: 
Physical  Configuration: 


±0.015  percent 
-40  to  +7  0°C 

Values  ranging  from  10  to  100  UW 

Values  from  100  to  200  K 

The  resonator  in  these  units  is  in 
the  form  of  a relatively  long  quartz 
bar,  and  usually  the  holder  is  a 
cylindrical  glass  bulb  3 to  4 inches 
in  length  mounted  on  an  octal  tube 
base,  although  at  the  higher  fre- 
quencies crystal  holders  of  the  HC- 
13/U  type  may  be  available. 


As  discussed  in  detail  in  Paragraph  6-6  , the  permissible  drive  voltage 
Vmax  applied  at  the  crystal  unit  input  terminal  depends  on  the  relative  values 
of  the  crystal  unit  resonance  resistance  Rr  and  the  amplifier  input  resistance 
Rjn.  When  R^n  is  less  than  or  equal  to  Rr  max,  the  relationship  is: 

Vmax  = 2ypCMAX  ' Rin  (6“34) 

Denoting  the  relationship  between  Rj[n  and  Rr  max  as 

Rin  = k Rr  max  (6-35) 


where  k is  less  than  1,  enables  Vmax  to  be  calculated  as  a function  of  k.  For 
the  given  crystal  characteristics,  these  calculations  result  in  the  values  con- 
tained in  Table  6-7.  The  double  values  of  Vmax  given  for  the  frequency  range 
of  1 to  16  KC  take  into  account  the  spread  in  crystal  dissipation  rating  quoted  by 
manufacturers.  It  is  thought  probable  that  10  UW  is  the  more  desirable  rating, 
and  this  will  be  subsequently  employed. 

Relating  the  values  of  Vmax  hi  Table  6-7  to  the  plate  signal  levels  at 
which  amplifier  self -limiting  can  be  readily  obtained  shows  that  the  voltage 
ratio  of  the  feedback  transformer  need  not  be  very  large.  Amplifier  voltage 
gain  requirements  are  therefore  not  too  demanding. 
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TABLE  6-7.  CRYSTAL  CHARACTERISTICS,  1 TO  100  KC 


Frequency 

(KC) 

Rr  max 
(Kilohms) 

PCMAX 

(UW) 

Vraax  (RMS) 

k = 0.33 

k = 0.5 

k = 1 

1 to  16  KC 

200 

100 

5.2 

6.4 

9 

10 

1.6 

2 

2.8 

16  to  30  KC 

100 

100 

3.6 

4.5 

6.3 

30+ to  50  KC 

90 

100 

3.5 

4.3 

6 

50+  to  70  KC 

80 

• r100 

3.2 

4.0 

5.6 

70+  to  90  KC 

70 

100 

3.0 

3.8 

5.3 

90+  to  100  KC 

60 

■100 

2.8 

3.5 

4.9 

6-25.  Amplifier  Characteristics 

The  voltage  gain  of  a grounded-cathode  triode  amplifier,  when  the  plate 
circuit  is  tuned  to  resonance  or  when  the  plate  circuit  reactance  is  negligibly 
large  compared  to  the  plate  load  resistance,  is: 

M Rt 

Gv  = R^r+“Rp  <6-36> 

The  amplifier  input  resistance  consists  of  the  grid-leak  resistor  Rg  and 
the  grid-cathode  capacitance  Cgk  in  parallel  with  two  impedance  components 
due  to  feedback  via  the  grid-plate  capacitance  Cpg.  This  subject  is  discussed 
in  detail  in  Section  9 where  it  is  shown  that,  provided  the  phase  shift  between 
the  grid  and  plate  is  small,  these  components  are: 

CM  = (Gy  + 1)  Cpg  (6-37) 

rM  = XCm/0  (6-38) 

where  0 is  the  phase  angle  of  the  plate  signal  relative  to  the  grid  signal  in  radians. 
The  amplifier  input  impedance  therefore  consists  of  Rg,  Rm,  Cm?  and  Cgk  all  in 
parallel. 
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Frequently,  the  reactance  of  Cjyj  and  Rjyj  are  negligibly  large  compared 
to  Eg  and  have  little  influence  on  the  amplifier  input  impedance.  In  some  cases, 
however,  an  appreciable  phase  shift  can  occur  due  to  C^.  Figure  6-27  illustrates 
the  effect  at  the  crystal  unit  resonance  frequency.  The  phase  angle  of  V2  relative 
to  Vi  is: 


<2> 


-tan  1 


k 

1 + k 


Rr  max 


(6-39) 


V| 


Rrmax 


V2 


• — 

Wv  ^ 

Rin  < 
= k Rr  max  ^ 

> - 
> 

"cM 

• — 

< 

1 — 4 

, 

T PI  072-86 

Figure  6-27.  Effect  of  on  Loop  Phase  Angle 


It  is  apparent  that  for  the  likely  range  of  k values  an  undesirably  large 
phase  lag  of  V2  relative  to  Vq  can  occur  if  the  reactance  of  approaches 
Rr  max  in  value.  A phase  lag  of  up  to  10  degrees  will  not  upset  the  circuit  per- 
formance unduly,  and  this  is  considered  a suitable  maximum  allowable  value. 
Substituting  10  degrees  into  Equation  (6-39)  then  gives  as  a limiting  condition: 


k Rr  max 

1+k  ' xcM 


0.18 


(6-40) 


If  this  relationship  is  satisfied,  the  effects  of  can  be  neglected.  If  not,  it 

will  be  necessary  to  provide  a correction.  This  can  be  conveniently  introduced 
using  a neutralizing  capacitor.  The  object  is  to  provide  a current  flowing  to  the 
grid  point  equal  in  magnitude  and  opposite  in  phase  to  that  flowing  through  Cpg. 
Since  the  output  signal  of  the  impedance  transformer  is  in  phase  opposition  to 
the  plate  signal  voltage,  a capacitor  connected  from  this  point  to  the  grid  will 
provide  a current  of  the  required  phase.  To  provide  the  correct  current  magni- 
tude requires  the  capacitance  to  be  related  to  Cpg  and  the  voltage  ratio  of  the 
impedance  transformer  Tv0  by  the  expression: 


cn  = Cpg  / TVq  (6-41) 

It  is  not  necessary  to  achieve  complete  neutralization,  and  the  value  of 
Cn  is  not  critical.  The  nearest  5 percent  standard  value  to  that  calculated 
should  suffice. 
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Provided  that  the  plate  phase  lag  is  not  more  than  10  degrees,  values  of 
Xcjvi  satisfying  Equation  (6-40)  will  result  in  values  of  Rm  sufficiently  large 
that  its  effect  on  the  amplifier  input  resistance  can  be  neglected.  And  when 
Xq^  does  not  satisfy  Equation  (6-40)  and  neutralizing  is  required,  R^  will  not, 

of  course,  be  present.  Under  normal  circumstances  Rjyj  can  therefore  be 
neglected  and  R[n  is  then  equal  to  Rg. 

The  amplifier  output  impedance  insofar  as  the  feedback  network  is 
concerned  consists  of  the  parallel  combination  of  Rp,  the  oscillator  load  Rl, 
and  the  capacitance  from  the  plate  to  all  other  electrodes. 

6-26.  Loop  Gain  Relationships 

For  the  oscillator  circuit  of  Figure  6-26,  the  loop  gain  relationships  can 
be  conveniently  divided  into  three  factors.  These  are: 


(a)  The  amplifier  voltage  gain  Gy  from  the  grid  to  the  plate  circuit 

(b)  The  attenuation  Ay^  from  the  crystal  unit  input  terminal  to  the 
tube  grid 

(c)  The  voltage  ratio  Tv0  of  the  impedance  transforming  network 
between  the  tube  plate  and  the  crystal  unit  input  terminal. 


The  oscillator  loop  voltage  gain  is  then: 


where: 


gVl  = GV  ' Ayc  • Ty0 


AVr  “ 


^r  max  + -^in 


(Rin  - Rg) 


(6-41) 

(6-42) 


Tv0  is  a design  variable  which  must  be  large  enough  to  provide  adequate  loop 
gain  but  must  also  be  sufficiently  small  as  to  prevent  crystal  unit  overdrive. 
That  portion  of  the  feedback  network  input  resistance  due  to  the  transformation 
of  the  series  combination  of  the  amplifier  input  resistance  and  the  crystal 
resonance  resistance  is  related  to  Ty0  as: 


Rfb  “ 


^r  max  + ^in 


(6-43) 
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A loop  voltage  gain  of  1.4  is  usually  adequate  for  a worst-case  design 
and  substituting  this  value  into  Equation  (6-41)  gives: 


1.4 


(6-43) 


The  permissible  plate  signal  voltage  VQ  max  is  related  to  Vmax  as: 


^o  max  ^max^Vn 


(6-44) 


The  oscillator  plate  load  resistance  Ry  is  related  to  R'p  and  Rfb  as: 

Rt  • Rfb 


rFb  ~ rt 


(6-45) 


The  terminating  resistance  level  at  the  input  side  of  the  crystal  unit  is  Ty 
where  R0  is  equal  to  Rp  and  Rl  in  parallel. 


R, 


o> 


6-27.  Impedance  Transforming  Network 

The  impedance  transforming  network  is  required  to  give  a 180-degree 
phase  shift,  and  either  the  77  network  or  a phase  inverting  inductive  transformer 
is  suitable  , although  of  the  two,  the  inductive  transformer  is  perhaps  to  be 
preferred  since  it  can  also  be  used  as  a parallel  feed  path  for  the  tube  plate 
current.  This  is  particularly  advantageous  if  the  available  plate  supply  voltage 
is  low. 


The  secondary  load  impedance  of  the  transformer  consists  of  Rr  max 
and  Rin  in  series  and  therefore  has  values  of  from  not  less  than  60  K to  more 
than  200  K.  In  view  of  the  high  level  of  the  secondary  load,  the  most  suitable 
inductive  transformer  operating  condition  is  that  obtained  when  the  secondary 
winding  inductance  is  small  compared  to  the  secondary  load  resistance.  The 
design  equations  for  this  type  of  operation  are: 


(6-46) 
(6-47) 

The  inductance  of  the  primary  winding  is  determined  from  consideration 
of  the  plate  circuit  loaded  Q.  The  plate  circuit  Q should  not  be  too  high,  other- 
wise temperature  changes  may  cause  large  variations  in  the  plate  tuned  circuit 


V2 

Tvo 

0JL2 


L2 

l2 


, n -1  wL2  -l  rs 

90  -tan  ~tan 


s - , where  rg  = Rr 
3 


max 


R 


g- 
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phase  angle,  in  turn  increasing  the  oscillator  frequency  tolerance.  Because  of 
this,  a plate  circuit  loaded  Q of  less  than  15  is  considered  desirable.  This 
determines  the  minimum  value  that  the  primary  inductance  may  have  relative 
to  the  amplifier  output  resistance.  The  plate  circuit  loaded  Q,  assuming  the 
coil  Q is  large,  is: 


0t  = -gl_RP  . _J_ 

(Rt  + Rp)  wLi 


(6-48) 


For  Qr  equal  to  or  less  than  15,  this  gives: 

% ■ Rp 

CvLt  ^ ti — 

1 15  (RT  + Rp) 


(6-49) 


The  effective  parallel  resistance  Rlp  of  the  transformer  reflected  into 
the  plate  circuit  forms  part  of  the  calculated  oscillator  load  R^.  The  relation- 
ship is: 


rL 


Rl  ■ Rlp 

rl  + rlp 


(6-50) 


where  Rp  is  the  actual  oscillator  load  reflected  into  the  plate  circuit.  Depend- 
ing on  the  external  oscillator  load  relative  to  the  calculated  Rl  and  the  Q of  the 
transformer  windings,  the  transformer  loss  resistance  may  necessitate  a 
larger  value  of  primary  inductance  than  that  given  by  Equation  (6-48). 


Plate  circuit  tuning  may  present  a difficulty  at  the  lowest  frequencies 
because  of  the  large  value  of  tuning  capacitance  required.  One  possibility  is  to 
adjust  the  transformer  to  resonance  at  the  design  frequency  before  installation 
in  the  circuit.  Another  alternative  is  to  wind  the  transformer  on  a tunable  pot 
core. 


6-28.  DESIGN  EXAMPLES 

The  design  process  consists  of  obtaining  a suitable  loop  gain  while 
satisfying  the  limiting  condition  on  Ty0  and  k.  The  design  procedure  closely 
follows  that  given  previously  for  design  in  the  90  KC  to  60  MC  range.  The  fol- 
lowing examples  illustrate  the  approach. 

6-29.  16  to  100  KC  Series  Oscillator 

This  example  is  presented  for  the  two  extreme  frequencies  of  the  range. 
The  circuit  value  changes  required  for  intermediate  frequencies  should  be  evi- 
dent. 
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Crystal  characteristics: 


Rr  max 
PCMAX 


16  KC 

100  KC 

100  K 

60  K 

100  UW 

100  UW 

k 0.5  (R-jn  0.5  Rf  max),  Ay^  g . 


Then: 

16  KC 

100  KC 

Vmax  (RMS) 

4.5 

3.5 

Rg  = Rin  = k Rr  max 

50  K 

30  K 

Rr  max  + Rin  ~ ( 1 + k)  Rr  max 

150  K 

90  K 

Rr  max  in  parallel  with  Rin 

33  K 

20  K 

Using  a 12AT7  triode  and  selecting  an  operating  point  at  Ep  - 100  VDC, 
Ip  = 4 MA,  VG  = -0.9  VDC,  the  tube  characteristics  are  Rp  = 14  K,  fj,  = 

62  and  Cpg  = 1.5  PF.  Then  for  R^  = 14  K,  the  voltage  gain  Gy  is  31  and 
Cjyj  is  48  PF.  The  feedback  network  impedance  transforming  network  voltage 
ratio  is: 


Then: 


Gy  • AVc 


TV0 

Tv2  = 0.018 

»r» 


1.4 


= 0.135 


Rfb  - 


Rr  max  + Rin 


16  KC 
8.2  MEGO 


100  KC 
4 . 9 MEGO 

Krf  Rrp 


V, 


o max 


33  VRMS  26  VRMS 


The  oscillator  external  load  Rj__ 


14  K 


14  K 


16  KC 


100  KC 


The  crystal  unit  input  terminating  resistance, 


Rl  • Rp 

RL  + Rp . 


130  ohms 


130  ohms 


XcM 

210  K 

33  K 

f k \ Rr  max 

V1+k/  xcM 

0.16 

0.6 

Neutralizing  is  therefore  necessary  at  100  KC. 
capacitor  is  approximately  1.5/0.135  = 11  PF. 
acceptable,  and  no  neutralizing  is  required. 

The  required  neutralizing 
The  phase  angle  at  16  KC  is 

A suitable  transformer  primary  reactance  is  700  ohms, 
primary  winding  Q of  100,  Rpp  = 70  K.  This  is  5 times  Rp, 
oscillator  load  to  17.5  K. 

Assuming  a 
increasing  the 

16  KC 

100  KC 

The  primary  winding  inductance  Lq  is 

7 MH 

1.1  MH 

Assuming  a coupling  coefficient  of  0.9,  the 
secondary  winding  inductance  L2  is 

158  UH 

25  UH 

and  U1L2 

16  ohms 

16  ohms 

The  tuning  capacitance  is  approximately 

0. 143  UF 

2300  PF 

If  desired,  the  winding  inductances  could  be  increased  appreciably  to  ease  the 
tuning  problem. 

6-30.  1 to  16  KC  Series  Oscillator 


Crystal  characteristics: 

Rr  max  anc*  PCMAX  are  assumed  to  be  200  K and  10  UW,  respectively. 
For  k = 0.5,  AVc  = 


212 


Then: 


VraM  (MS)  = 2 V 


Rin  k Rr  max  100  K 


Rr  max  + Rin  1 + k Rr  max 


Rr  max  in  parallel  with  Rin 


300  K 
67  K 


Using  a 12AX7  at  an  operating  point  of  Ep  = 100  VDC,  Ip  = 0.5  MA, 
Vq  =-lVDC,  the  tube  characteristics  are  J4  = 100,  Rp  = 85  K,  and  Cpg  = 
1.7  PF.  ! 


For  Rt  = 85  K,  Gy  = 50  and  Cm 
transforming  network  voltage  ratio  is: 


- 87  PF.  The  feedback  impedance 


Then 


TV0 

- 0.084 

rp  2 

V 

o 

= 0.007 

\ 

rfb 

/®r  max 

+ Rin  | 

V Tv0 

/ 

rl 

= Rrp 

max 

= 24  VRMS 

- 43  megohms 


The  crystal  unit  input  terminating  resistance  W; 


xcM  : 

Rr  max  . 


1 + k 


XC 


115  K 
0.58 


1.84  MEGO 
0.036 


M 


Neutralizing  is  therefore  necessary  at  16  KC.  The  required  neutralizing 
capacitor  is  approximately  1.5/0.084  = 18  PF.  No  neutralizing  is  required 
at  1 KC . 

A suitable  transformer  primary  reactance  is  4.3  K.  Assuming  a pri- 
mary winding  Q of  100,  R^p  is  430  K.  This  is  5 times  R^,  requiring  an  in- 
crease in  the  oscillator  load  to  110  K. 


1 KC 


16  KC 


The  primary  winding  inductance  is 

690  MH 

43  MH 

Assuming  a coupling  coefficient  of  1, 
the  secondary  winding  inductance  is 

4.8  MH 

0 . 3 MH 

C0L2 

3 ohms 

3 ohms 

The  tuning  capacitance  is  approximately 

0.037  UF 

2300  PF 

6-31.  Untuned  Low  Frequency  Oscillators 

At  the  lower  frequencies  it  may  not  be  desirable  to  employ  a tuned  cir- 
cuit in  the  oscillator  because  of  the  problem  of  tuning.  One  suitable  alternative 
circuit  which  may  be  used  below  16  KC  employs  the  crystal  unit  as  a four- 

terminal  network.  In  this  frequency  range  if  requested  from  the  manufacturer, 
the  crystal  unit  can  be  supplied  having  four  electrical  connections  which  can 


then  either  be  paired  for  operation  as  a conventional  two-terminal  crystal  unit 
or  can  be  used  as  a four-terminal  network. 

When  used  in  this  latter  manner,  the  crystal  operates  similarly  to  a 
filter  network  giving  maximum  signal  transmission  with  either  a 0 or  a 180 
degree  phase  shift  at  the  crystal  unit  resonance  frequency.  Using  the  crystal 
unit  as  a phase-inverting  network  in  conjunction  with  a grounded -cathode  ampli- 
fier then  results  in  a very  simple  circuit.  Due  to  the  limited  experience  with 
this  circuit,  a worst-case  design  procedure  has  not  been  developed,  and  it  will 
be  necessary  for  the  designer  to  draw  conclusions  in  this  respect. 

The  design  method  used  consisted  of  experimentally  determining  the 
characteristics  of  a particular  crystal  unit  as  a phase -inverting  network  and 
then  relating  this  to  the  amplifier  characteristics.  In  this  particular  instance 
the  design  frequency  was  1 KC,  and  it  was  found  possible,  using  actable  audio 
signal  generator,  to  measure  the  voltage  ratio  of  the  crystal  unit  input  and  output 
signals  for  various  values  of  output  load  resistance  with  the  test  circuit  of 
Figure  6-28.  Including  a resistor  in  the  signal  input  line  also  enables  the  crys- 
tal unit  input  resistance  to  be  estimated.  The  crystal  unit  test  data  are  given, 
in  Table  6-8. 

The  tabulated  data  show: 

(a)  The  input  resistance  at  the  crystal  unit  resonance  frequency  is 
approximately  equal  to  the  output  load  resistance  R in  series  with 
R^,  the  crystal  unit  input  resistance  when  a signal  is  applied  to  the 
two  input  terminals  with  the  two  output  terminals  shorted. 
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SIGNAL 

GENERATOR 


300K 

-VW 


XI 


II 


TP  1072  - 1 1 5 


Figure  6-28.  Crystal  Unit  Test  Circuit 


TABLE  6-8.  CRYSTAL  UNIT  TEST  DATA 


R 

v0 

VCi 

vG 

Crystal  Unit  Input  Resistance 
Rin  - Rr  + B 

R 

R^  + R 

, 

20  K 

0.063 

0.50 

300  K 

0.067 

200  K 

0.42 

0.63 

510  K 

0.39 

510  K 

0.54 

0.75 

900  K 

0.57 

750  K 

0.61 

0.78 

1.1  MEGO 

0.68 

1 MEGO 

0.69 

0.81 

1.3  MEGO 

0.77 

(b)  The  voltage  transmission  ratio  is  approximately  equal  to  R/R  + R^. 

(c)  R^  is  approximately  5.5  times  the  resonance  resistance  of  the  crys- 
tal unit  as  a two-terminal  network,  which  was  55  K in  this  instance. 

It  appears,  therefore,  on  the  basis  of  this  test  that,  at  the  crystal  unit  resonance 
frequency,  the  crystal  unit  and  load  resistor  act  similarly  to  the  network  shown 
in  Figure  6-29. 

Rr 


Figure  6-29.  Equivalent  Circuit  of  Crystal  Unit  and  Output  Load  at  fr 
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/ 

The  relationship  between  R_  and  Rr  is  not  known,  but  if  the  relationship 
is  linear,  the  maximum  value  of  r£  would  be  approximately  1 megohm.  Because 
of  this  uncertainty  a worst-case  design  was  not  attempted,  and  the  following  de- 
sign was  calculated  for  the  particular  crystal  tested.  The  effect  of  the  crystal 
output  load  was  not  known  either,  and  the  design  calculation  was  made  for  a 200- 
K load,  although  the  design  was  subsequently  evaluated  for  loads  of  200  K,  510  K, 
750  K,  and  1 megohm  without,  however,  adjusting  the  loop  gain.  The  difference 
in  performance  was  found  to  be  negligible. 


Design  Calculation  (Using  analogous  notation  to  that  previously  employed)  - 
Using  a 12AT7  tube  at  Ip  = 0.7  5 MA,  Ep  = 60  V,  and  Vq  = -1.5  V,  then  pi  = 35 
and  Rp  = 35  K.  For  Rx  = 17  K,  the  voltage  gain  is  then  12.  For  R=  200  K,  the 
voltage  attenuation  between  the  filter  input  and  output  terminals  (Ayc)  is  0.42. 

Therefore,  the  permissible  attenuation  between  the  tube  plate  and  the  crystal 
input  (Ty  ),  allowing  for  a loop  voltage  gain  of  1.4  is: 


0.28 


Using  a resistive  feedback  network  and  assuming  the  loading  due  to  the 
crystal  to  be  negligible,  the  resistor  ratio  is  then: 


Rp  Rp 

= T.f  - 0.28  or  — = 0.39 

Rf  + R2  vo  R^ 

where  Rj  and  R2  are  designated  in  Figure  6-31.  For  Rj  = 100  K,‘  then  R2  = 36  K, 
satisfying  the  assumption  that  R2  is  much  less  than  the  crystal  input  resistance. 


The  amplifier  total  load  resistance  consists  of  the  oscillator  resistance, 
the  plate  feed  resistance,  and  the  feedback  network  resistance  in  parallel.  The 
latter  are  51  K and  130  K,  respectively,  and  the  external  oscillator  load  resist- 
ance is  therefore  33  K.  The  allowable  crystal  unit  input  voltage,  assuming  a per- 
missible crystal  unit  dissipation  of  10  UW,  is  2.2  VRMS,  and  the  allowable  plate 
signal  voltage  is  then  8 VRMS.  The  evaluation  data  for  this  design  is  presented 
in  Table  6-9  and  Figure  6-30. 
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Figure  6-30.  Frequency  Vs.  Temperature,  1-KC  Tube  Oscillator 
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TABLE  6-9.  DESIGN  EVALUATION  DATA,  1-KC  VACUUM  TUBE  OSCILLATOR  (FOUR-TERMINAL  CRYSTAL) 


217 


6-32.  Two-Stage  Oscillator 

The  alternative  to  using  the  crystal  unit  as  a phase-inverting  filter  is  a 
two-stage  amplifier  configuration  where  the  increased  voltage  gain  allows  an 
inefficient  feedback  network  to  be  used.  Tuning  is  not  entirely  eliminated, 
however,  because  of  the  possibility  of  uncontrolled  oscillation  at  high  frequencies; 
the  crystal  unit  parallel  capacitance  completing  the  feedback  path. 


One  method  of  doing  this  is  to  include  a Wien  bridge  network  tuned  to  the 
design  frequency  in  the  feedback  network.  But  this  is  not  entirely  satisfactory 
because  of  the  resulting  circuit  complexity.  Another  possibility  (not  tried) 
would  be  to  arrange  the  time  constants  of  the  grid  and  plate  circuits  so  that  their 
net  phase  angle  is  zero  at  the  design  frequency  but  which  introduces  a substantial 
phase  lag  and  gain  reduction  at  higher  frequencies.  The  techniques  used  in  ana- 
log computer  circuits  may  be  helpful  in  this  respect.  The  design  procedure 
employed  is  similar  to  that  described  previously  for  use  at  higher  frequencies. 


The  oscillator  configuration  for  this  design  example  is  as  shown  in  Fig- 
ure 6-32,  and  the  design  calculation  using  analogous  notation  to  that  employed 
previous^  is  as  follows,  using  a 12AX7  triode  operating  at  Ip  = 100  VDC, 

Ip  = 0.5  MA,  Vq  =-l  VDC,  Rp  = 85  K,  fj  = 100.  For  Rti=  50  K and  Rt2  ~ 
30  K,  the  total  voltage  gain  from  Vi  grid  to  Vjj  plate  is  970.  For  a loop  voltage 
gain  of  1.4  in  a worst-case  design,  the  voltage  attenuation  A from  the  plate  of 
Vg  to  the  grid  of  is  then  . This  is  satisfied  by  the  feedback  network 


218 


Figure  6-32.  1-KC  Two-Stage  Wien  Bridge  Oscillator 

shown  in  Figure  6-32,  where: 

1 Bb  Rgl  = _l_ 

3 X Ra  + RbX  Rgl  + 200  K 690 


Referring  to  the  Wien  bridge  analysis  of  Section  4,  the  requirement  for  zero 
phase  shift  in  the  Wien  bridge  network  is: 


c1r1c2r2 


(coV 


where  the  loading  due  to  the  crystal  unit  is  included  in  R2  and  the  amplifier  out- 
put resistance  forms  a part  of  Rj.  R2  is  therefore  113  K and  Ri  is  122  K.  For 
Cx  = 1150  PF  and  C2  = 1600  PF,  00'  = 6280  and  f'  = 1000  CPS.  The  nominal 
value  of  Ci  required  was  1040  PF. 


The  permissible  output  voltage  before  crystal  overdrive  occurs  is  ob- 
tained by  considering  the  case  when  Rr  is  equal  to  Rr  min>  which  is  assumed  to 
be  1/9  Rr  max;  that  is,  22  K.  The  crystal  input  voltage  causing  a crystal  dis- 
sipation of  10  UW  is  0.6  VRMS.  The  attenuation  between  the  plate  of  V2  and 
the  crystal  input  terminal  is  approximately  0. 043.  Therefore,  the  allowable 
plate  signal  voltage  when  a very  good  crystal  unit  is  in  circuit  is  14  VRMS. 
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The  evaluation  data  are  presented  in  Figure  6-33  and  Table  6-10,  fol- 
lowed by  the  data  for  a 3-KC  oscillator  of  the  same  design  in  Figures  6-34  and 
6-35  and  Table  6-11. 


TEMPERATURE  (”C) 


TP  1072  - 125 


Figure  6-33,  Frequency  Vs.  Temperature  for  the  1-KC  Two-Stage  Tube 

Oscillator  (Wien  Bridge) 


220 


TABLE  6-10.  DESIGN  EVALUATION  DATA,  1-KC  TWO-STAGE  TUBE  OSCILLATOR 

Crystal  Unit:  T-9J,  f„  = 999.93  CPS,  IL.  = 55  K 
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FREQUENCY  (CP51 


-55  -45  -35  -25  -!5  -5  5 15  25  35  45  55  65  75  85  95  I 

TEMPERATURE  <“C) 


TP  1072-127 


Figure  6-35.  Frequency  Vs.  Temperature,  3-KC  Tube  Oscillator 

(Wien  Bridge) 


TABLE  6-11.  DESIGN  EVALUATION  DATA,  3-KC  TWO-STAGE  TUBE  OSCILLATOR 
Crystal  Unit:  T-9A.  rr  - 2999.6  CPS,  Rr  = 50  KC 
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SECTION  7 

TRANSISTOR  SERIES  RESONANCE  OSCILLATOR  DESIGN 


7-1.  GENERAL 

Because  of  the  variations  of  crystal  unit  and  transistor  amplifier 
characteristics  as  functions  of  frequency,  no  single  design  technique  is 
applicable  throughout  the  entire  available  frequency  range  from  below  1 KC  to 
200  MC.  The  resonance  resistance  of  the  crystal  unit  is  the  major  variable, 
the  maximum  values  ranging  from  possibly  200  K at  1 KC  to  15  ohms  at  20  MC. 
This  variation  as  a function  of  frequency  occurs  mainly  as  a relatively  smooth 
transition  between  adjacent  frequencies. 

There  are,  however,  certain  frequencies  at  which  an  abrupt  change  of 
maximum  resonance  resistance  level  of  an  order  of  magnitude  or  more  occurs. 

It  is  found  that  a different  design  approach  is  required  for  the  frequency  ranges 
lying  between  each  of  these  discontinuities,  and  the  following  discussion  is 
arranged  accordingly  in  four  parts  as  follows: 

(a)  Design  between  1 KC  and  100  KC 

(b)  Design  between  90  KC  and  500  KC 

(c)  Design  between  800  KC  and  30  MC 

(d)  Design  between  30  MC  and  200  MC 

The  first  three  of  these  range  sub-divisions  are  determined  as  described 
by  the  discontinuous  behavior  of  the  crystal  unit  resonance  resistance.  An  over- 
lap of  ranges  occurs  between  90  and  100  KC  because  in  this  region  crystal  units 
with  radically  different  values  of  resonance  resistance  are  available,  and  a 
discontinuity  occurs  between  500  KC  and  800  KC  because  no  military  standard 
crystal  units  are  available  in  this  region.  The  fourth  range  sub-division,  how- 
ever, is  dictated  by  the  complex  behavior  of  transistor  amplifiers  at  frequencies 
above  30  MC . 

It  is  convenient  to  first  discuss  the  design  of  oscillators  in  the  800-KC 
to  30-MC  range,  which  then  serves  as  a basis  for  the  discussion  of  the  30  to  200 
MC  and  the  90  to  500  KC  ranges.  The  latter  then  serves  as  a starting  point  for 
the  1-KC  to  100-KC  range.  The  order  of  presentation  is  therefore  800  KC  to 
30  MC,  30  to  200  MC,  90  to  500  KC,  and  1 KC  to  100  KC. 
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7-2.  SERIES  RESONANCE  CRYSTAL  UNIT  CHARACTERISTICS,  800  KC 
TO  30  MC 

Table  7-1  gives  the  major  characteristics  of  the  military  standard 
series  resonance  crystal  units  applicable  in  the  800-KC  to  30-MC  frequency 
range.  The  multiplicity  of  crystal  units  is  due  largely  to  the  various  crystal 
holder  types  available,  and  the  number  is  further  increased  by  there  being 
usually  two  and  sometimes  three  frequency  tolerances  available  for  selection 
in  any  frequency  band. 


TABLE  7-1.  MILITARY  STANDARD  SERIES  RESONANCE  CRYSTAL 

UNITS,  800  KC  TO  30  MC 


Frequency 
Range  in 
MC 

Operating 

Temperature 

Range 

(Centigrade) 

Frequency 
Tolerance 
(±  Percent) 

Rated 

Drive 

(MW) 

Maximum 

Resonance 

Resistance 

(ohms) 

Crystal 

Unit 

Type 

Holder 

Type 

WIDE  TEM 

PERATURE  R 

ANGE  CRYS 

TAL  UNITS 

’ 

0.8  to  20 

-55  to  +105 

0.005 

10  and  5 

520  to  15 

CR-19A/U 

HC-6/U 

0.8  to  20 

-55  to  +105 

0.0025 

10  and  5 

520  to  15 

CR-85/U 

HC-6/U 

5 to  20 

-55  to  +105 

0.005 

5 

50  to  20 

CR-60A/U 

HC-18/U 

*10  to  61 

-55  to  +105 

0.005 

20 

40 

CR-51A/U 

HC-6/U 

10  to  61 

-55  to  +105 

0.005 

2 and  4 

40 

CR-52A/U 

HC-6/U 

*15  to  50 

-55  to  +105 

0.005 

2 

50  and  75 

CR-24/U 

HC-18/U 

17  to  61 

-55  to  +105 

0.005 

2 

40 

CR-55/U 

HC-18/U 

17  to  61 

-55  to  +105 

0.0025 

2 

40 

CR-67/U 

HC-18/U 

17  to  61 

-55  to  +105 

0.005 

2 

40 

CR-72/U 

HC-18/U 

17  to  61 

-55  to  +105 

0.0025 

2 

40 

CR-76/U 

HC-18/U 

17  to  62 

-55  to  +105 

0.002 

2 

40 

CR-77/U 

HC-25/U 

17  to  61 

-55  to  +105 

0.005 

2 

40 

CR-81/U 

HC-25/U 

TEMPERA" 

IURE  CONTRC 

)LLED  CRYS 

TAL  UNIT 

3 

0.8  to  20 

70  to  80 

0.002 

5 and  2.5 

520  to  15 

CR-28A/U 

HC-6/U 

0.8  to  20 

80  to  90 

0.002 

5 and  2 . 5 

520  to  15 

CR-35A/U 

HC-6/U 

10  to  61 

70  to  80 

0.001 

2 and  1 

60  and  40 

CR-65/U 

HC-6/U 

10  to  75 

70  to  80 

0.002 

2 and  1 

60  and  40 

CR-32A/U 

HC-6/U 

17  to  61 

80  to  90 

0.002 

2 and  1 

40 

CR-61/U 

HC-18/U 

17  to  61 

80  to  90 

0.002 

2 and  1 

40 

CR-84/U 

HC-25/U 

^Special  Application 
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The  maximum  resonance  resistance  of  crystal  units  varies  appreciably 
with  operating  frequency  over  the  800-KC  to  30-MC  range,  particularly  at  fre- 
quencies below  20  MC.  This  is  shown  in  Figure  7-1,  which  is  a plot  of  the  speci- 
fied maximum  crystal  unit  resonance  resistance  values  as  a function  of  frequency. 
The  actual  range  of  values  likely  to  be  encountered  for  any  crystal  type  at  a given 
nominal  frequency  will  be  from  Rr  max  to  ^ Rr  max  at  frequencies  below  20  MC, 
and  Rr  max  to  1/4  Rr  max  from  20  to  30  MC. 


I 2 4 6 10  20  30 

TPI072-I06  FREQUENCY  (MC) 


Figure  7-1.  Variation  of  Crystal  Unit  Resonance 
' Resistance  With  Frequency 

7-3.  TRANSISTOR  SERIES  OSCILLATORS,  800  KC  TO  30  MC 

In  this  frequency  range,  the  input  resistance  of  a grounded  base  ampli- 
fier can  provide  an  almost  ideal  terminating  level  for  series  resonance  crystal 
units.  The  discussion  of  grounded  base  amplifier  input  resistance  given  in  Section 
3 shows  that,  with  the  possible  exception  of  the  region  where  the  complex  internal 
feedback  causes  an  input  resistance  peak,  the  series  input  resistance  Rj.n(s)  an 
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amplifier  can,  by  a suitable  choice  of  bias  levels,  be  made  small  relative  to 
the  values  of  Rr  max  given  in  Figure  7-1,  thereby  providing  a suitable  crystal 
unit  terminating  resistance  level.  Further,  in  the  region  where  the  peak  of 
amplifier  series  input  resistance  occurs,  Rr  max  has  a value  of  40  ohms  or 
greater,  and,  by  selecting  a suitable  value  of  emitter  current,  Rin(s)  can  also 
be  made  sufficiently  small  in  this  frequency  region  to  give  a good  crystal  unit 
terminating  resistance  value.  It  is  therefore  unnecessary  to  use  an  impedance 
transforming  network  between  the  crystal  unit  and  the  amplifier  input,  and, 
provided  an  adequate  loop  gain  can  be  obtained,  it  is  then  possible  to  use  the 
simple  oscillator  configuration  shown  in  Figure  7-2(a). 

At  the  crystal  unit  series  resonance  frequency,  this  circuit  appears  as 
shown  in  Figure  7-2(b),  from  which  it  can  be  seen  that  Rr  acts  as  an  emitter 
degeneration  resistor.  As  discussed  in  Section  3,  the  effect  of  an  emitter  de- 
generation resistor  is  to  extend  the  frequency  range  over  which  the  amplifier 
voltage  gain  is  frequency  independent,  and  to  reduce  the  phase  shift  of  the 
amplifier.  For  the  amplifier  total  load  levels  likely  to  be  met  with  in  practice, 
and  with  the  maximum  values  of  crystal  resonance  resistance  encountered,  this 
means  that  the  voltage  gain  from  point  X in  Figure  7 -2(b)  to  the  collector  is 
essentially  frequency  independent  below  30  MC  when  a transistor  with  a typical 
fT  of  300  MC  is  used,  and  possibly  50  MC  when  the  typical  transistor  fT  is  700 
MC  or  greater. 


(b  ) 

TP  1072-94 


Figure  7-2.  Series -Resonance  Common-Base  Oscillator 
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Inspection  of  the  common-base  amplifier  input  resistance  plots  given  in 
Section  3 also  shows  that  R;n(S)  is  almost  independent  of  frequency  up  to  20  MC 
and  that  an  estimate  of  its  value  sufficiently  accurate  for  the  estimation  of  crys- 
tal loading  can  be  obtained  to  beyond  30  MC.  For  design  frequencies  below  30 
MC  and  provided  a suitable  transistor  is  used,  it  is  therefore  possible  to  de- 
termine the  oscillator  component  values  by  simple  calculation. 


7-4.  Loop  Voltage  Gain  Determination 


The  loop  voltage  gain  of  the  circuit  of  Figure  7-2(b)  is  the  product  of 
the  amplifier  voltage  gain  and  the  feedback  network  attenuation.  The  latter 
consists  of  two  parts:  that  occurring  in  the  impedance  transforming  network 
between  the  amplifier  output  (transistor  collector)  and  the  crystal  unit,  and  that 
resulting  from  the  connection  of  the  crystal  unit  to  the  amplifier  input.  Over 
the  frequency  range  considered,  the  latter  can  be  accounted  for  in  the  amplifier 
gain  calculation  by  replacing  re  by  re  + Rr*  That  is,  the  net  amplifier  voltage 
gain  Gyp,  including  the  effect  of  Rr  is: 


ao  * RT 

re+«r  + rbb'  -«.)  + I (1W  +re+Rr> 


(7-1) 


The  net  voltage  gain  of  the  amplifier  and  crystal  unit  combination  will  be 
smallest  when  the  crystal  unit  resonance  resistance  has  its  maximum  value 
Rr  maxi  and  this  is  the  value  to  be  used  in  a worst-case  design.  Further,  for 

the  values  of  R^  likely  to  be  used,  the  term  — i (r^1  + re  + Rr)  will  be  small 
compared  to  Rr  max,  and  Equation  (7-1)  can  be  approximated  as: 


JVR 


Rt 

re  + ^r  max  + rbb  ^ ~ao) 


(7-2) 


The  worst-case  loop  voltage  gain  GyL  is  then: 


gVL  “ gVR  * AVt  (7_3) 

where  Ayt  is  the  voltage  attenuation  ratio  of  the  impedance  transforming  network 
between  the  amplifier  output  and  the  crystal. 

7-5,  Crystal  Unit  Loading 

At  frequencies  up  to  20  MC,  the  series  input  resistance  of  a common- 
base  amplifier  has  a value  approximately  equal  to: 

Rin(s)  = re  + rbbT  (1  - ao)  (7-4) 
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'\ 

Crystal  unit  loading  considerations  dictate  that  Rin(s)  should  be  small 
compared  to  Rr.  If  Rin(s)  is  equal  to  or  less  than  1/3  Rr  max,  this  will  result 

in  a minimum  loaded  ^ of  75  percent  of  that  of  the  crystal  unit  alone  when  a 

worst-case  crystal  unit  (Rr  = Rr  max)  is  considered.  This  represents  a rea- 
sonable compromise  between  crystal  loading  and  loop  voltage  gain  considerations, 
and  with  this  assumption  the  net  voltage  gain  of  the  amplifier  and  crystal  unit 
combination  can  be  restated  as: 


gVR 


Rt 

K ‘ Rr  max 


(7-5) 


where  K is  a constant  depending  on  the  relative  values  of  Rin(s)  and  Rr  max  and 
has  a value  of: 


^r  max 


1 + re  +rbb*  (1  -ao) 
®r  max 


(7-6) 


For  the  assumed  crystal  loading  conditions,  K will  have  a value  in  the 
range  of  1 to  1.33.  The  lower  value  applies  when  Rin(s)  is  much  smaller  than 
Rr  max,  an<i  the  latter  value  when  R^^  equals  1/3  Rr  max- 

7-6.  Loop  Gain  as  a Function  of  R^ 

Equation  (7-5)  shows  that,  for  the  assumed  crystal  unit  loading  conditions, 
the  net  voltage  gain  from  the  crystal  unit  input  to  die  collector  is  almost  entirely 
determined  by  the  ratio  of  the  collector  total  load  resistance  to  the  crystal  unit 
resonance  resistance,  since  the  effect  of  Rin(s)  is  small. 

R-p  is  the  parallel  combination  of  the  oscillator  external  load  RL  and  the 
impedance  transforming  network  parallel  input  resistance  Rfb-  Neglecting 
losses  in  the  impedance  transforming  network,  RpB  is  related  to  the  secondary 
load  resistance  rg  by  the  equation: 

HFB  - 7^~  (7-7) 

\ 

In  this  case  rs  is  the  series  combination  of  Rin(s)  and  Rr  max,  and  substituting 
for  rs  in  terms  of  Rin(s)  and  Rr  max  gives: 
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%B  " 


K • -Rr  max 


(7~8) 


V. 


Then,  since  R^  is  equal  to  Rl  and  Rpg  in  parallel: 


K • 

Rr  max  ' 

Rl 

Rt  k • 

Rr 

+ A2 

max  At  r 

vt 

• rl 

Substituting  into  Equation  (7- 

-5)  for  Rt  then  give 

rl 

GVR  - K • 

Rr 

max  + Aft 

• Rl 

vt 

and  from  Equation  (7-3): 

Rl 

- Ayt 

GVL  ' K • 

Rr 

max  + Ayt 

•Rl 

or  transposing  Equation 

(7-11): 

Rl 

K ■ 

CVL 

R 


r max  AVt  (1  " GVL  ‘ Avt) 


(7-9) 


(7-10) 


(7-11) 


(7-12) 


A loop  voltage  gain  of  1.4  for  a worst -case  design  is  adequate  in  protect- 
ing against  loop  gain  variations  with  temperature,  etc.,  particularly  in  view  of 
the  large  amount  of  degeneration  introduced  by  Rr  max-  Substituting  this  value 
of  loop  voltage  gain  and  the  limit  values  of  K into  Equation  (7-12)  gives: 


For  K = 1.33 

RL 1A36 

Rr  max  AVt  (1-1-4  • Ay^) 

For  K = 1 

Rl  = 1.4 

Rr  max  AV^  (■*■  “ 1-4  * AVj.) 


(7-13) 


(7-14) 


Figure  7-3  gives  plots  of  Equations  (7-13)  and  (7-14).  These  show  that 
the  minimum  usable  value  of  Rp  determined  by  loop  voltage  gain  and  crystal 
loading  considerations  occurs  for  a feedback  transforming  network  attenuation 
Ayt  of  approximately  0.36  and  lies  in  the  range  of  8 to  10  Rr  max,  depending 
on  the  relative  values  of  Rin(s)  and  Rr  max-  However,  this  does  not  take  into 


Rt,  Rt  dd> 

Figure  7-3 . , , and  — as  Functions  of  Ay,  and  K 

Rr  max  Rr  max  df  1 

account  the  crystal  unit  loading  due  to  the  terminating  resistance  appearing  at 
the  driving  source  side  of  the  crystal  unit,  which  will  also  influence  the  desirable 
value  of  Rl-  This  resistance  consists  of  the  oscillator  load  resistance  Rl  and 
the  amplifier  output  resistance  R0(p)  in  parallel  reflected  to  the  secondary  side 
of  the  impedance  transforming  network.  Ro(p)  will  normally  be  much  larger 
than  Rl  and,  therefore,  the  terminating  resistance  rt  seen  by  the  crystal  unit 
at  the  driving  source  side  is  approximately: 

rt  « • RL  (7-15) 
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The  total  crystal  unit  terminating  resistance  is  then  rt  when  K = 1 and 
rt  + 1/3  Rr  max  when  K = 1,33 . From  Section  2 the  circuit  ^ is  then: 


For  K 

= 1 

Circuit 

df 

= Crystal  unit 

d0 

df 

Rr  max 

r*  + R 
t r max 

(7-16) 

For  K 

= 1.33 

Circuit  — 
df 

= Crystal  unit 

d0 

Rr  max 

(7-17) 

df 

rt  + 1 . 33  Rr  max 

Substituting  values  of  r^  calculated  from  Equation  (7-15)  into  Equations 

(7-16)  and  (7-17)  gives  the  circuit  ^ values  normalized  to  the  crystal  unit 

plotted  in  Figure  7-3.  These  plots  show  that  the  circuit  ^ is  50  percent  of  that  of 

df 

the  crystal  unit  alone  when  Ay^  equals  0.36  and  0.  24  for  K values  of  1 and  1.33, 
respectively.  These  values  represent  a reasonable  compromise  condition  for 
total  crystal  unit  loading  and  will  subsequently  be  used  as  design  limits,  opera- 
tion with  Ayt  values  larger  than  those  quoted  being  considered  undesirable. 

7-7.  Crystal  Unit  Dissipation 

The  driving  source  voltage  applied  to  the  crystal  unit  is  limited  by  the 
crystal  unit  dissipation  rating.  When  Rin(s)  i-s  linear  and  much  smaller  than 
1/9  Rr  max)  the  allowable  drive  voltage  must  be  less  than: 

,,  L.  Rr  max  10, 

Vmax  = KVPCMAX  1 § (7-18) 

where  K is  a constant  allowing  for  drive  source  voltage  increase  with  loop  gain 
and  B+  increases.  And  when  Rin(s)  is  intermediate  between  1/9  Rr  max  and 
Rr  maxj  the  permissible  drive  voltage  is: 

Vmax  ~ 2Ki^/Pq]viax  ’ Rin(s)  (7-19) 

Equations  (7-18)  and  (7-19)  are  derived  on  the  assumption  that  Rin(S) 
remains  constant  as  the  loop  gain  increases.  This  is  not  the  case  in  transistor 
amplifiers  where,  as  the  loop  voltage  gain  increases,  the  signal  appearing  be- 
tween the  emitter  and  base  exceeds  the  linear  operating  range  of  the  emitter- 
base  junction,  and  for  some  portion  of  the  cycle  the  emitter-base  junction  is 
wholly  or  partially  reverse-biased.  The  effect  is  illustrated  in  Figure  7-4  which 
shows  the  emitter  and  crystal  unit  input  voltage  waveforms  of  a 1-MC  oscillator 
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Figure  7-4.  Crystal  Unit  and  Emitter  Waveforms  of  a 1 MC  Series  Oscillator 


of  this  type  for  Rr  values  of  440  and  170  ohms.  The  loop  voltage  gain  for  Rr  = 
440  ohms  was  approximately  1.4.  If  the  emitter  waveforms  of  Figure  7-4  are 
assumed  to  have  the  form  of  a horizontal  section  of  a sine  wave,  the  fundamental 
frequency  component  peak-to-peak  amplitude  E of  the  emitter  waveforms  is  given 
by  the  formula*: 

2v  r , . e e e . . ,e  .0  e .1 

E = g — I (sin  2 ~ 2 cos  9 ) + (j>  " sin  2 cos  2 (7_20) 

77  (1  COS  77)  “ “ " " “ 

where  0 and  V are  defined  in  Figure  7-4. 


* Terman:  Radio  Engineers  Handbook 
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Substituting  the  values  of  0 and  V given  in  Figure  7-4  into  Equation 
(7-20)  gives  emitter  waveform  fundamental  frequency  component  amplitudes  of 
0.54  and  1.9  V peak-to-peak  for  Rr  equals  440  and  170  ohms,  respectively. 
Subtracting  these  values  from  the  crystal  unit  input  voltages  gives  the  funda- 
mental frequency  voltages  across  the  crystal  units  as  1.7  and  0.5  V peak-to- 
peak  for  Rr  equals  440  and  170  ohms,  respectively.  The  oscillator  was  opera- 
ting at  the  crystal  resonance  frequency,  and  therefore  the  fundamental  frequency 
power  component  is  equal  to  the  fundamental  component  of  crystal  unit  voltage 
squared  divided  by  the  resonance  resistance  of  the  crystal  unit,  giving  0.82  and 
0.18  MW  for  the  440-  and  170-ohm  crystal  units,  respectively. 

The  overtone  resonance  modes  of  the  crystal  unit  are  not  harmonically 
related  to  the  fundamental  resonance  mode,  and  hence  the  crystal  unit  is 
essentially  reactive  at  the  harmonic  frequencies  of  the  emitter  waveform.  Con- 
sequently, the  power  dissipated  in  the  crystal  unit  due  to  these  signal  components 
will  be  negligible,  and  the  total  crystal  unit  dissipation  is  approximately  equal  to 
that  due  to  the  fundamental  frequency  component. 

In  this  particular  example,  therefore,  it  appears  that  the  crystal  dissi- 
pation decreases  rather  than  increases  with  the  loop  gain.  The  extent  to  which 
this  effect  will  occur  in  any  particular  design  depends  on  the  collector  signal 
voltage,  the  impedance  transforming  network  voltage  attenuation  ratio,  the 
emitter  DC  current,  and  the  crystal  unit  signal  current.  The  crystal  unit  dissi- 
pation is  therefore  difficult  to  estimate,  and  it  has  not  been  found  possible  to 
develop  a simple  formula  which  adequately  describes  the  crystal  unit  dissipation. 
It  is  evident,  however,  that  it  will  be  much  less  than  that  given  by  Equations 
(7-18)  and  (7-19). 

Based  on  the  preceding  example  and  on  similar  results  for  a 5-MC 
oscillator,  it  appears  that  it  will  be  quite  conservative  to  design  on  the  basis 
of  a crystal  unit  dissipation  of  one-half  the  dissipation  rating  for  a worst-case 
design.  It  is  then  unlikely  that  the  crystal  unit  dissipation  will  ever  exceed  its 
rating  for  any  value  of  resonance  resistance.  For  want  of  a more  accurate 
estimate,  this  will  be  used  subsequently  as  a design  condition.  Ignoring  the 
presence  of  Rin(s)  hi  series  with  the  crystal  unit,  this  condition  gives: 

„ i/PCMAX 

. vmax  y 2 • Rr  max  (7-21) 

The  non-linear  behavior  of  the  amplifier  input  resistance  creates  doubts 
concerning  the  validity  of  the  crystal  unit  loading  conditions  previously  derived. 
In  the  example  given  of  non-linear  operation,  the  transistor  was  biased  at  an 
emitter  current  of  1.4  MA,  giving  an  amplifier  small-signal  input  resistance  of 
approximately  20  ohms.  The  actual  input  resistance  is  increased  substantially 
above  this  value  by  the  non-linear  operation.  Calculating  on  the  basis  of  the 


fundamental  frequency  voltages  and  the  relative  emitter  and  crystal  unit  voltages, 
the  actual  amplifier  input  resistance  is  140  and  520  ohms  for  the  440  and  170 
ohm  crystal  units,  respectively.  This  does  not,  however,  appear  to  be  a valid 
approach  to  estimating  the  loading  conditions.  During  the  period  when  the  large 
emitter  signal  voltage  excursions  occur,  the  circuit  is  "freewheeling,  " the 
amplifier  is  cutoff  and  the  loop  is  open-circuited,  and  signals  within  the  circuit 
are  solely  due  to  the  release  of  energy  by  the  amplifier  tank  circuit  and  the 
crystal  unit.  The  crystal  unit  is  therefore  incapable  of  controlling  the  oscillator 
frequency  during  this  part  of  the  oscillation  period.  During  the  remainder  of 
the  cycle,  the  loop  is  closed,  and  over  the  greater  part  of  this  period  the 
instantaneous  amplifier  input  resistance  will  be  smaller  than  that  indicated  by 
Equation  (7-4).  Therefore,  during  the  period  when  the  loop  is  closed  and  the 
crystal  unit  can  control  the  operation  of  the  oscillator,  the  crystal  unit  is 
adequately  terminated. 

The  effect  of  the  pulsating  crystal  unit  drive  is  not  clear,  but  it  is  very 
possible  that  it  degrades  the  performance  of  the  crystal  unit  relative  to  when  it 
is  linearily  loaded.  However,  this  condition  is  almost  inevitable  in  a series 
resonance  transistor  oscillator  designed  to  accept  a wide  range  of  crystal 
equivalent  resistance.  One  way  of  linearizing  the  amplifier  input  resistance 
would  be  to  connect  a physical  resistor  in  parallel  with  the  amplifier  input.  If 
its  value  was  sufficiently  small,  the  variation  in  total  input  resistance  could 
then  be  appreciably  reduced.  This  would  result  in  the  crystal  unit  operating 
under  more  linear  conditions,  but  the  loop  would  still  open-circuit  during  each 
cycle  of  oscillation  in  essentially  the  same  way,  and  the  control  period  would 
remain  practically  constant.  This  approach  has  not  been  evaluated  and  it  has 
been  assumed  that  an  adequate  crystal  unit  termination  during  the  time  the  loop 
is  closed  is  sufficient.  With  this  assumption  the  discussion  of  Paragraph  7-5 
is  valid. 


7-8.  Relative  Values  of  Crystal  Unit  Dissipation  and  Oscillator  Power  Output 


The  voltage  applied  to  the  input  of  the  crystal  unit  is  also  applied  across 
rt,  the  load  reflected  from  the  collector  side  of  the  impedance  transforming  net- 
work. rt  is  representative  of  the  oscillator  load  Rl  and  therefore  has  the  same 
power  dissipation.  The  oscillator  output  power  is  therefore: 


P 


L 


Vmax 

rt 


(7-22) 


Substituting  for  Vmax  from  Equation  (7-21)  gives: 
PL  _ Rr  max 
PCMAX  2 rt 


(7-23) 
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(7-24) 


Or,  substituting  for  rt  from  Equation  (7-15): 

PL  _ Pr  max 

PCMAX  2 AVt  ' RL 

Figure  7-5  is  a plot  of  Equation  (7-24)  for  K = 1 and  K = 1.33  as  a func- 
tion of  Avf  These  curves  show  the  relative  values  of  crystal  unit  maximum 
dissipation  and  the  worst-case  design  oscillator  output  power,  and  indicate  that 
the  oscillator  power  output  can  only  be  appreciably  greater  than  the  crystal  unit 
dissipation  rating  when  Ayt  less  than  0,1.  Reference  to  Figure  7-3  shows 
that  the  oscillator  load  Rp  must  then  be  greater  than  14  to  20  Rr  max. 

At  the  lower  frequencies  of  this  range  where  Rr  max  is  relatively  large, 
the  oscillator  load  required  to  give  an  output  power  of  more  than  3 PcMAX  will 
be  of  the  order  of  5 K or  greater.  This,  in  turn,  will  require  a high  breakdown 
voltage  transistor  because  of  the  large  collector  voltage  swing  that  will  be  en- 
countered. For  example,  for  a 30  MW  power  output  at  800  KC,  Figures  7-5  and 
7-3  show  that  Ayt  = 0 - 1 and  Rl  = 14  (K  = 1).  At  800  KC,  Rr  max  “ 520  ohms 
giving  Rl  - 7.3  K.  To  dissipate  3 0 MW  in  a 7.3  K load  requires  a collector  sig- 
nal voltage  of  14.8  VRMS  or  42  V peak-to-peak.  Allowing  for  an  increase  in 
collector  signal  voltage  due  to  loop  gain  change  and  power  supply  variation,  the 
transistor  breakdown  voltage  rating  must  be  at  least  50  volts  and  preferably  60 
V.  If  a single  supply  voltage  is  used  the  applicable  voltage  rating  will  be  BVcer, 
the  collector -to -emitter  breakdown  voltage  rating  with  a total  resistance  R be- 
tween base  and  emitter.  Transistor  types  with  ratings  of  more  than  60 

V together  with  suitable  high-frequency  characteristics  are  costly  at  the  present 
time,  and  this  example  probably  approaches  the  economically  feasible  limit, 
particularly  when  higher  power  output  can  be  obtained  with  less  expensive  tran- 
sistors using  the  Pierce  oscillator  at  these  frequencies.  At  higher  frequencies, 
the  power  output  limitations  are  less  severe  due  to  the  much  lower  values  of 

pr  max* 

Quite  often  high  oscillator  output  power  is  not  required,  and  the  values 
of  Ayt  and  Rl  can  then  be  selected  from  considerations  of  transistor  type,  de- 
sirable biasing  levels,  etc. 

7-9.  DESIGN  PROCEDURE  FOR  SERIES  RESONANCE  TRANSISTOR 

OSCILLATORS,  800  KC  TO  30  MC 

7-10.  Step  1,  Selection  of  Crystal  Unit  Type 

In  this  frequency  range,  crystal  units  with  frequency  tolerances  of  ±0.005 
and  ±0.0025  percent  are  available  with  dissipation  ratings  of  10  MW  up  to  10  MC 
and  5 MW  above  10  MC.  There  is  also  an  overlap  in  the  17-  to  20-MC  range 
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Avt 

TPIOT2-05  V‘ 

Figure  7-5.  Oscillator  Power  Output  Relative  to  Crystal  Unit 

Dissipation  Rating 
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where  overtone  crystal  units  with  frequency  tolerances  of  0.005  to  0.002  percent 
are  available  with  dissipation  ratings  of  2 MW.  The  latter  types  complete  the 
coverage  to  30  MC  , 

The  selection  of  a crystal  unit  type  will  be  governed  by  the  overall 
oscillator  frequency  tolerance  desired.  If  a large  number  of  oscillators  are  to 
be  constructed,  the  in-service  overall  oscillator  tolerance  can  be  expected  to 
be  at  least  ±5  PPM  wider  than  that  of  the  crystal  unit  unless  special  precautions 
are  taken.  In  the  overlap  region  where  a choice  of  crystal  unit  dissipation  rat- 
ing is  available,  this  may  also  form  a basis  for  selection,  depending  on  the 
oscillator  output  power  desired. 

7-11.  Step  2,  Design  Feasibility 

The  feasibility  of  the  design  using  the  selected  crystal  unit  at  the  desired 
oscillator  output  power  level  can  be  determined  from  Figures  7-3  and  7-5.  The 
maximum  value  of  Avt  allowed  by  crystal  unit  dissipation  considerations  is  de- 
termined from  Figure  7-5  for  the  known  values  of  desired  output  power  and 
crystal  dissipation  rating.  This  value  of  Avt  is  then  found  on  the  curves  of 
Figure  7-3  to  find  RE. 

There  may  be  some  uncertainty  at  this  stage  as  to  which  K value  applies, 
and  values  of  RE  should  be  determined  for  each  value  .of  K.  The  collector  signal 
voltage  required  to  give  the  desired  power  output  is: 

Vc  = ^pl  ■ Rl  - (7-25) 

and  the  collector-emitter  bias  voltage  is  then: 

VCE  « 1.4  Vc  (7-26) 


The  required  collector  bias  current  is  approximately  given  by: 


lC 


VCE 

Rq^ 


(7-27) 


where  Rrp  is  given  in  Figure  7-3  for  the  particular  value  of  Avt*  Some  allowance 
should  be  made  for  the  collector  circuit  tuning  coil  losses  which  will  decrease  Rt 
and  increase  the  required  collector  bias  current.  The  value  of  Iq  calculated 
from  Equation  (7-27)  is  the  minimum  value  and  may  be  increased  if  necessary  to 
decrease  the  amplifier  input  resistance.  This  may  be  desirable  in  the  10-  to  20- 
MC  region  where  Rr  max  is  small  for  certain  crystal  units. 


It  is  now  necessary  to  tentatively  select  a transistor  type  on  the  basis  of 
the  preceding  discussion  or,  alternatively  to  assume  a minimum  value  of  tran- 
sistor h^E.  The  input  resistance  is  then  calculated  as  follows: 

IE  « IC  (7-28) 

25 

re  = + r’  (7-29) 

(In  the  absence  of  specific  information  regarding  the  value  of  the  emitter  ohmic 
resistance  r',  assume  a value  of  1 ohm.) 


Then: 


and: 


pin(s)  ~ re  + nab'  (I  -0fo) 
K = i + 

pr  max 


(7-30) 

(7-31) 


If  K is  not  less  than  or  approximately  equal  to  1.33,  a larger  value  of  collector 
bias  current  must  be  assumed  and  R(n(s)  recalculated  until  this  condition  is 
satisfied.  The  K value  arrived  at  will  determine  which  set  of  Rl>  Ay^.,  Vce> 
and  Ic  values  obtained  in  the  parallel  calculation  apply. 

The  values  of  Vce  and  Ic  finally  obtained  determine  the  feasibility  of  the 
design.  The  power  supply  voltage  available  must  be  higher  than  pre- 

ferably by  at  least  2 volts  to  allow  for  adequate  transistor  biasing,  and  the 
transistor  power  dissipation  and  breakdown  voltage  ratings  must  be  larger  than 
VCE  * IC  and  2 VcEj  respectively.  The  design  may  be  practically  feasible  in 
the  sense  that  suitable  transistors  are  obtainable  but  economically  unfeasible 
because  of  the  high  transistor  cost. 

7-12.  Step  3,  Selection  of  Transistor  Type 


The  transistor  type  is  selected  as  follows: 

(a)  The  transistor  power  dissipation  rating  required  at  the  highest  work- 
ing temperature  is  calculated  from: 

PD  max  > VCE  ■ TC  (7-32) 

Variations  in  power  supply  voltage  will  increase  both  VcE  and  IE, 
and  an  appropriate  allowance  should  be  made  taking  into  account 
the  stability  of  the  supply. 
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(b)  The  transistor  gain-bandwidth  product  at  the  calculated  bias  levels 
should  be  ten  times  the  design  frequency  and  preferably  larger  to 
maintain  the  validity  of  the  assumption  that  the  amplifier  voltage 
gain  is  independent  of  frequency.  The  discussion  of  transistor 
amplifier  voltage  gain  behavior  given  in  Paragraphs  3-14  to  3-18 
should  be  helpful  in  this  respect. 

(c)  The  transistor  breakdown  voltage  rating  must  be  at  least  twice  the 
highest  collector  voltage  peak-to-peak  swing.  For  single  voltage 
supply  biasing,  the  applicable  transistor  breakdown  voltage  rating 
is  BVceRj  the  rating  with  a total  resistance  of  R between  emitter 
and  base . 

(d)  The  transistor  minimum  hpg  will  normally  only  be  important  in  the 
6-  to  20-MC  range  where  Rr  max  is  20  ohms  or  less.  A low  value 
of  minimum  hpg  may  then  require  the  emitter  current  to  be  higher 
than  that  necessary  to  supply  the  output  power  in  order  to  decrease 
rg  sufficiently  to  meet  the  maximum  resistance  condition  on  Rin(s)‘ 
The  amplifier  input  resistance  component  due  to  r^'  {1  - aQ)  may 
then  be  appreciable  if  hpEmjn  is  small. 

7-13.  Step  4,  Calculation  of  Remaining  Oscillator  Circuit  Components 

(a)  Impedance  transforming  network 

The  impedance  transformer  secondary  load  is: 

rs  " Rin(s)  + ^r  max  (7-33) 

The  required  voltage  attenuation  ratio  is  Ay^.  Section  4 details  the 
design  procedure  to  be  employed  for  various  impedance  transform- 
ing networks . 

The  collector  tank  circuit  is  designed  for  the  calculated  impedance 
transforming  network  effective  parallel  primary  reactance.  The 
total  amplifier  load  Rt  consists  of  the  external  load  Rp,  the  feed- 
back circuit  load  Rpj},  and  the  effective  parallel  resistance  of  the 
collector  tank  circuit  inductance  Rpp.  Rlp  has  not  yet  been  ac- 
counted for  and  may  be  sufficiently  small  to  reduce  Rt  and  hence 
the  loop  gain  by  an  appreciable  amount.  This  can  be  determined  by 
measuring  Rrp  or  by  assuming  a coil  Q and  using  the  formula: 

RLP  = Q ’ XL  (7_34) 

If  Rpp  is  not  negligibly  large  compared  to  Rt,  then  RL  must  be  in- 
creased to  offset  the  additional  amplifier  loading.  The  actual  RL  is 
then: 
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(7-35) 


7-14. 

7-15. 


Actual  Rg 


Rtl  • Rlp 
Rlp  - R'l 


where  R’l  is  the  value  of  Rj,  calculated  in  Step  2. 


(b)  Transistor  Biasing 

It  is  desirable  if  possible  that  the  emitter-to -ground  voltage  should 
be  at  least  3 VDC  to  provide  wide  temperature  range  transistor  bias 
stability.  The  base -biasing  network  current  should  preferably  be 
greater  than  5 times  the  25 -degree  Centigrade  base  current  of  a 
transistor  with  the  minimum  hFE  ■ R minimum  biasing  current  is 
desired,  the  base  biasing  network  can  be  calculated  as  detailed  in 
Paragraph  3-26. 

The  reactance  of  the  base  decoupling  capacitor  Cg  should  be  small 
compared  to  the  base  parallel  input  resistance.  At  the  crystal 
resonance  frequency,  the  base  parallel  input-resistance  is  that  of 
a common-emitter  amplifier  with  emitter  degeneration.  This  sub- 
ject is  discussed  in  Paragraphs  3-20  and  3-24.  For  the  values  of 
crystal  resonance  resistance  likely  to  be  encountered,  the  base  in- 
put resistance  may  vary  from  several  kilohms  at  frequencies  below 
3 or  4 MC  to  100  ohms  at  20  MC.  It  is  not  considered  worthwhile 
to  attempt  to  calculate  Cg  accurately,  since  it  can  readily  be  ex- 
perimentally adjusted  during  the  breadboard  stage.  A preliminary 
estimate  can  be  obtained  using  the  formula: 

Rin(p)  = (re  + Rr  vf&?C)  hFE  min  (7-36) 

XCg  should  be  less  than  one-tenth  of  Rin(p)  to  provide  adequate 
decoupling. 

DESIGN  EXAMPLES 

1 MC,  2N706A  Series  Resonance  Oscillator 
Oscillator  Requirements: 

Overall  Frequency  Tolerance:  ±70  PPM 
Output  Power:  4 MW 
For  a CR-19A/U  Crystal  Unit: 

PCMAX  = 10  RIW 
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Rr  max  = 440  ohms 

Because  of  the  large  value  of  Rr  max,  K will  be  approximately  1. 
From  Figure  7-5  for  K = 1,  Ayj  5 0.4. 

Selecting  a value  of: 

Avt  = 0.1 

From  Figure  7-3: 

RL  = 7.2  K 
Rt  = 6. 2 K 
Vc  = 5.4  VRMS 
VCE  - 7.5  V 
IC  = 1 . 2 MA 

A 2N706A  transistor  is  selected  for  this  design. 

Its  characteristics  are: 


Power  dissipation  at  105°C  - 

140  MW 

bvceo  = 

15  VDC 

hp^min  (at  1 MA) 

10 

Typical  f-p 

150  MC 

lE  » 

1.4  MA 

re  ~ 

19  ohms 

■^in(s)  ** 

25  ohms 

K « 

1.06 

Using  a capacitive  divider  impedance  transformer: 
Cl  +C2  = _l_ 

Ci  Ayt 
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or 


£2 

Cl 


^ = 9 


rs  = 465  ohms 


Let  X, 


C2 


rs 

ss  89  ohms 
5 


Then: 


C2  = 1800  PF 
C:  - 200  PF 

X^.  - 890  ohms 


The  tuning  inductance  required  is  then: 


60 


= 140  UH 


RLp  « 90K  for  a Q of  100  and  can  be  ignored. 


For  a 10  VDC  supply,  the  emitter-to -ground  voltage  is  approximately 
2.5  VDC.  The  emitter  resistor  is  then  1.8  K.  The  maximum  base  current  is 
approximately  0.15  MA,  and  suitable  base-biasing  resistor  values  are  2.4  K 
and  6.2  K. 

The  base  input  resistance  is  approximately  4.7  K,  and  Xcb  should  be 
470  ohms  or  less.  A Cg  of  0.01  UF  is  adequate. 


DESIGN  EVALUATION  DATA 
1 MC,  2N706A  SERIES  RESONANCE  OSCILLATOR 


Crystal  Units 
CR-19A/U 

Resonance 

Frequency 

(MCI 

Rr 

(ohms) 

1 

0.999990 

180 

2 

0.999987 

150 

3 

0.999993 

170 

4 

(Number  3 + 270  ohms) 

0.999993 

440 
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DESIGN  EVALUATION  DATA  FOR  1 MC,  2N706A  SERIES  RESONANCE 
OSCILLATOR  (ALL  RESULTS  OBTAINED  USING  LIMIT  CRYSTAL) 


Effect  of 

Change 

+15%  B+  Change  on  Oscillator  Frequency 

V0 

<1  PPM 
+16% 

-20%  B+  Change  on  Oscillator  Frequency 

Vo 

<1  PPM 
-20% 

±10%  Change  in  RL  on  Oscillator  Frequency 

v0 

<1  PPM 
± 3% 

-55°C  to  +105°C  Change  in  Ta  on  Frequency 

Oscillator  V0 

±20  PPM 
± 7% 

Contribution  of  Oscillator  Circuit 
to  Frequency  Deviations  in  Tem- 
perature Test 

± 3 PPM 

Transistor  Interchange  (8  units,  Frequency 

retuning  to  maximum  output)  V0 

<1  PPM 
<±2% 

Crystal  Unit  Interchange  Frequency 

Miscorrelation 

V0 

± 2 PPM 
± 4% 

Figure  7-6.  1-MC,  2N706A  Series  Resonance  Oscillator, 
Schematic  Diagram 


7-16. 


5 MC,  2N706A  Series  Resonance  Oscillator 


Oscillator  Requirements: 

Overall  Frequency  Tolerance:  ±70  PPM 
Output  Power:  25  MW 
For  a CR-19A/U  crystal  unit: 

PCMAX  = 10  MW 
Rp  max  — 3 / olirns 

From  Figure  7-5  for: 


K = 1 

K - 

1.33 

Ayt  ^ 0.12 

VI 

> 

< 

0.09 

From  Figure  7-3  for: 

- 

K = 1 

K = 

1.33 

Re  s 520  ohms 

Rl  s 

890  ohms 

R'P  s 430  ohms 

Rrp  S 

780  ohms 

The  collector  signal  voltage  is: 

K = 1 

K - 

1.33 

VC  = 3.6  VRMS 

vc  = 

4.7  VRMS 

Collector-emitter  bias  voltage  and  current: 

K = 1 

K = 

1.33 

VCE  = 5.1VDC  VCE  = 6.7  VDC 

Id  = 12  MADC  IC  = 9 MA 


A 2N706A  transistor  will  be  suitable  for  this  design.  Its  characteristics 

are; 

Power  Dissipation  at  105°C  = 140  MW 
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BVCEO  = 15  VDC 


hpEmin  (at  5 MA)  « 20 

Typical  Up  % 300  MC 

Then: 

re  « 3 ohms 
Bin(s)  ~ 6 ohms 
K - 1.2 

Use  K = 1.33  values 

Using  a capacitive  divider  impedance  transformer: 

Cl  + C2  _ 1 

C1  AVt 

or 


Cl 

rg  = 43  ohms 
LetX^2  « ~ « 9 ohms 

D 

then 

C2  ^ 3600  PF 
Ci  = 360  PF 
Xc  - 100  ohms 

The  tuning  inductance  required  is  then: 

Xr 

L = — ^ - 3.2  UH 
cc 

Rlp  « 10  K for  a Q of  100  and  can  be  ignored. 


Maximum  1^  « 0.5  MA 

For  a 10  VDC  supply,  the  emitter -to -ground  voltage  is  approximately 
3 VDC.  The  emitter  resistor  is  then  330  ohms.  Suitable  base-biasing  resistor 
values  are  then  2.7  K and  1.8  K. 

The  base  input  resistance  is  approximately  200  ohms  minimum,  and 
X^b  should  be  20  or  less.  A Cg  of  0.01  UF  is  adequate. 
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0.01  UF 


TP  1072- 


DESIGN  EVALUATION  DATA 
5 MC,  2N706A  SERIES  RESONANCE  OSCILLATOR 


Crystal  Units 
CR-19A/U 

Resonance 

Frequency 

(MC) 

Rr 

(ohms) 

1 

4.999941 

12 

2 

4.999931 

11 

3 

4.999932 

23 

4 

4.999967 

20 

5 

(Number  4 + 15  ohms) 

4.999963 

37 

Figure  7-7.  5-MC,  2N706A  Series  Resonance  Oscillator, 
Schematic  Diagram 


DESIGN  EVALUATION  DATA  FOR  5 MC,  2N706A  SERIES  RESONANCE 
OSCILLATOR  (All  Results  Obtained  Using  Limit  Crystal) 


Effect  of 

Change 

+15%  B+  Change  on  Oscillator  Frequency 

V 

<1  PPM 
+18% 

-20%  B+  Change  on  Oscillator  Frequency 

V0 

<1  PPM 
-23% 

±10%  Change  in  R^  on  Oscillator  Frequency 

v0 

<1  PPM 
± 5% 

-55°C  to  +105°C  Change  in  Ta  on  Frequency 

Oscillator  VQ 

±23  PPM 
±10% 

Contribution  of  Oscillator  Circuit 
to  Frequency  Deviations  in  Tem- 
perature Test 

<±3% 

Transistor  Interchange  (8  units,  Frequency 

retuning  to  maximum  output)  V0 

<1  PPM 
<±2% 

Crystal  Unit  Interchange  Frequency 

Miscorrelation 

Vo 

±4  PPM 

±5% 

7-17.  20  MC,  2N706A  Series  Resonance  Oscillator 

Oscillator  Requirements: 

Overall  Frequency  Tolerance:  ±70  PPM 
Output  Power:  20  MW 
For  a CR-19A/U  crystal  unit: 

PCMAX  = 5 MW 
Rp  max  — 1 5 ohms 
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From  Figure  7-5  for: 


K = 1 K - 1.33 


AVt 

< 

0.08 

Avt  - 0.06 

From  Figure  7-3  for: 

K_ 

_1 

K = 1.33 

Rl 

= 

300  ohms 

Re  = 510  ohms 

rt 

- 

270  ohms 

Rx  = 470  ohms 

Vc 

_ 

2.5  VRMS 

Vc  = 3.2  VRMS 

VCE 

= 

3.5  VDC 

VCE  = 4.5 

ic 

= 

13  MA 

IC  = 10  MA 

A 2N706A  transistor  is  selected  for  this  design.  Its  characteristics 

are : 

Power  dissipation  at  105°C  = 140  MW 
BVCeo  = 15  VDC 
hEEmin  « 20 
Typical  fj  « 300  MC 


For  K = 1 

IE  » 14  MA 
re  « 2.5  ohms 
Rin(s)  « 5.5  ohms 


K = 1.33 
IE  » 11  MA 
re  % 3 ohms 
Rin(s)  « 6 ohms 


K is  approximately  1.4,  and  the  values  calculated  for  K = 1.33  must  be  used. 


Using  a capacitive  divider  impedance  transformer: 


C2  = _J_ 
C1  AVt 


1 = 15.5 
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Let  Xc2 

Then  C2 

Cl 

XC 

L 


21  ohms 

~r  = 4 ohms 
5 

2000  PF 
130  PF 

66  ohms 
0.5  UH 


Rlp  ss  6.6  K for  a Q of  100  and  can  be  ignored. 


For  a 10  VDC  supply,  the  emitter-to-ground  voltage  is  approximately 
5.5  VDC.  The  emitter  resistor  is  then  510  ohms.  The  maximum  base  current 
is  approximately  0.5  MA,  and  suitable  biasing  resistor  values  are  3 K and  1.6  K. 

The  base  input  resistance  is  approximately  400  ohms,  and  Xcb  should 
be  40  ohms  or  less.  A Cb  of  1000  PF  is  adequate. 

DESIGN  EVALUATION  DATA 
20  MC,  2N706A  SERIES  RESONANCE  OSCILLATOR 


Crystal  Units 
CR-19A/U 

Resonance 

Frequency 

(MC) 

R 

(ohms) 

1 

20.00060 

4.5 

2 

20.00031 

5 

3 

20.00068 

5.5 

4 

20.00027 

5 

5 

20.00009 

15 

(Number  4 + 10  ohms) 

250 


-O  + I0VDC 


Rl-  510  OHMS 


1000  PF 


4=  130  PF 


:=F  2000  PF 


TP  1072- 1 30 


Figure  7-8.  20  MC,  2N706A  Series  Resonance  Oscillator,  Schematic  Diagram 


DESIGN  EVALUATION  DATA  FOR  20  MC,  2N70GA  SERIES  RESONANCE 
OSCILLATOR  (All  Results  Obtained  Using  Limit  Crystal) 


Effect  of 

Change 

+15%  B+  Change  on  Oscillator  Frequency 

v0 

<1  PPM 
+13% 

-20%  B+  Change  on  Oscillator  Frequency 

Vo 

1 PPM 
-20% 

±10%  Change  in  Rl  on  Oscillator  Frequency 

Vo 

<1  PPM 
± 7% 

-55°C  to  +105°C  Change  in  Ta  on  Frequency 

Oscillator  V0 

±25  PPM 
± 5% 

Contribution  of  Oscillator  Circuit 
to  Frequency  Deviations  in  Tem- 
perature Test 

± 3 PPM 

Transistor  Interchange  (5  units,  Frequency 

retuning  to  maximum  output)  V0 

± 2 PPM 
± 3% 

Crystal  Unit  Interchange  Frequency 

Miscorrelation 

Vo 

± 4 PPM 
±10% 

7-18.  TRANSISTOR  SERIES  OSCILLATORS  ABOVE  30  MC 


The  same  oscillator  configuration  used  below  30  MC  is  still  valid  above 
30  MC.  However,  a change  of  design  approach  is  required  above  30  to  50  MC, 
depending  on  the  type  of  transistor  to  be  used,  due  to  the  complex  behavior  of 
the  amplifier  characteristics  at  these  higher  frequencies.  Using  transistors 
with  typical  current  gain-bandwidth  products  of  700  or  larger,  it  should  be 
practicable  to  apply  the  design  procedure  described  for  use  below  30  MC  at 
frequencies  up  to  50  or  perhaps  60  MC  with  a fair  degree  of  design  accuracy. 

But  for  transistor  types  having  current  gain-bandwidth  products  of  300  or  less, 

30  MC  will  probably  be  the  highest  frequency  at  which  those  methods  can  be 
profitably  employed. 

The  major  problem  is  that  of  estimating  with  sufficient  accuracy  the 
voltage  gain  and  input  impedance  of  the  amplifier.  For  most  types  of  transis- 
tors, little  or  no  information  is  contained  in  the  data  sheets  which  is  of  any  help 
in  this  respect.  However,  for  several  of  the  very  high  frequency  types,  graphs 
of  the  transistor  admittance  parameters  are  presented.  These,  though,  are 
normally  given  for  the  common  emitter  configuration,  and  a time  consuming 
calculation  is  required  before  a transformation  to  the  required  common  base 
admittance  parameters  is  obtained.  A further  calculation  is  then  required  before 
an  amplifier  characterization  for  one  operating  condition  is  achieved. 

An  alternative  to  confining  attention  to  only  those  transistor  types  for 
which  detailed  data  of  this  kind  are  available  is  to  measure  the  amplifier 
characteristics.  This  method  is  presumably  as  accurate  as  the  process  described 
above,  is  also  probably  less  time  consuming,  and  has  the  great  advantage  of 
increasing  the  number  of  transistor  types  which  can  be  considered  for  use. 

This  is  the  method  of  amplifier  characterization  selected  for  use  in  this 
frequency  range.  It  entails  using  an  impedance  measuring  bridge  as  an  amplifier 
signal  source  so  that  the  amplifier  input  impedance  can  be  measured  for  various 
load  conditions.  At  the  same  time  amplifier  input  and  output  voltage  measure- 
ments are  made  from  which  the  voltage  gain  can  be  calculated. 

In  all  other  respects  the  oscillator  design  process  is  similar  to  that 
described  for  use  below  30  MC. 

7-19.  Crystal  Unit  Characteristics 

Table  7-2  gives  the  major  characteristics  of  the  military  standard  series 
resonance  crystal  units  in  the  frequency  range  from  below  30  MC  to  125  MC . 

More  detailed  specifications  are  given  in  MIL-C -3098, Supplement  1.  There  are 
no  military  standard  crystal  units  for  the  frequency  range  from  125  MC  to  200  MC, 


TABLE  7-2.  MILITARY  STANDARD  SERIES  RESONANCE  CRYSTAL  UNITS,  10  MC  TO  200  MC 
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Special  Application 

NOTE:  Refer  to  Table  7-1  for  other  crystal  units  applicable  from  30  to  61  MC. 


but  crystal  units  can  be  purchased  in  this  range  that  meet  the  specifications  of 
the  CR-54A/U,  CR-56A/U,  CR-80/U,  CR-82/U,  or  CR-85/U  types,  except  that 
the  maximum  series  resonance  resistance  may  increase  to  80  or  100  ohms. 

The  maximum  resonance  resistance  of  crystal  units  therefore  lies  in  the 
range  of  40  to  100  ohms  in  the  30  to  200  MC  frequency  range.  The  actual  range 
of  re's'onance  resistance  which  will  be  encountered  for  large  groups  of  crystals 
of  the  same  type  and  frequency  will  probably  be  Rr  max  to  1/4  Rr  max  below  60 
MC  and  Rr  max  to  1/3  Rj,  max  above  60  MC. 

For  these  crystal  unit  types,  the  crystal  unit  shunt  capacitance  CG  is 
below  7 PF  and  is  of  little  importance  insofar  as  oscillator  design  is  concerned 
below  100  MC.  Above  100  MC,  however,  this  capacitance  can  degrade  the 
crystal  unit  phase -shifting  capability  since  the  ratio  of  Xq.,  to  Ri  is  then  small. 
The  reactance  of  a 7 PF  capacitance  varies  from  230  ohms  at  100  MC  to  114 
ohms  at  200  MC,  while  the  crystal  series  arm  resistance  may,  in  the  worst 
case,  be  60  ohms  at  100  MC  and  100  ohms  at  200  MC. 

The  ratio  of  XcQ  to  Rj,  therefore,  lies  in  the  range  of  1 to  5.  The 
analysis  of  Paragraph  1-4  shows  that  the  crystal  unit  phase -shifting  capability 
is  severely  degraded  when  this  ratio  is  less  than  3.  At  frequencies  above  100 
MC,  therefore,  this  condition  is  either  being  approached  or  exceeded,  and  to 
prevent  excessive  degradation  of  the  crystal  unit  phase -shifting  capability,  it  is 
necessary  to  neutralize  CQ.  This  is  achieved  by  connecting  an  inductor,  which 
resonates  with  CD  at  the  crystal  unit  frequency,  in  parallel  with  the  crystal  unit. 
The  value  of  C0  at  the  operating  frequency  can  vary  appreciably  from  the  value 
measured  at  low  frequencies,  and  to  obtain  maximum  effect  C0  should  be  de- 
termined at  a frequency  close  to  the  operating  frequency,  but  sufficiently  lower 
that  the  motional  arm  of  the  crystal  unit  has  a negligible  effect  on  the  measure- 
ment. A frequency  5 to  10  percent  below  the  operating  frequency  is  usually 
satisfactory. 


Complete  cancellation  of  C0  is  not  essential  since  the  object  is  simply  to 


increase  the  parallel  capacitive  reactance  to  a value  such  that 


XC0 

Rl 


for  a worst- 


case  crystal  will  be  larger  than,  say,  5.  Therefore,  an  inductance  which  res- 
onates with  the  typical  value  of  Co  at  the  operating  frequency  will  suffice  for  all 
crystal  units  of  the  particular  type. 


The  Q of  the  inductor  should  be  sufficiently  large  that  its  effective  parallel 
resistance  is  at  least  10  times  the  crystal  unit  series  resonance  resistance  to 
avoid  a degradation  of  the  crystal  unit  phase  shifting  capability  due  to  this  cause. 
This  is  not  a demanding  requirement  considering  the  low  value  of  Rj  at  these 
frequencies,  and  frequently  the  inductor  is  constructed  in  the  form  of  a closely 


spaced  single -layer  coil  wound  on  a 1/2  watt  carbon  resistor  of  3 to  10  K nomi- 
nal value.  At  all  frequencies  below  100  MC  the  ratio  of  XcQ  to  Ri  is  sufficiently 
large  that  it  is  unnecessary  to  neutralize  the  crystal  unit  shunt  capacitance. 

Since  the  shunt  capacitance  is  neutralized  above  100  MC,  the  crystal 
operates  at  the  motional  arm  resonance  frequency  fs  and  the  resistance  of  the 
crystal  at  this  frequency  is  the  motional  arm  resistance  Ri.  To  avoid  having  to 
refer  to  both  Rr  and  Rj  and  fr  and  fg  in  the  following  discussion,  these  distinc- 
tions will  be  ignored  and  the  discussion  will  in  general  be  presented  in  terms 
of  Rr  and  fr.  It  should  be  understood,  however,  that  when  applied  to  designs 
above  100  MC,  R^  and  fs  are  the  appropriate  crystal  characteristics. 

7-20.  Amplifier  Characteristics 

The  behavior  of  the  voltage  gain  and  emitter  input  impedance  of  a 
grounded  base  transistor  amplifier  in  this  frequency  range  is  discussed  in 
Paragraph  3-14.  Briefly  reviewing,  it  is  shown  there  that  above  30  MC  for  any 
particular  value  of  load  resistance,  the  voltage  gain  of  a tuned  amplifier  is 
frequency  dependent,  decreasing  at  a rate  of  from  12  to  16  DB  per  decade,  de- 
pending on  transistor  type  and  load  level.  Increasing  the  load  resistance  tends 
to  cause  a more  rapid  decrease  of  voltage  gain,  with  the  result  that  the  voltage 
gain  is  no  longer  linearly  related  to  the  load  resistance.  However,  at  the  low 
levels  of  load  resistance  suitable  for  oscillator  service,  this  effect  is  not  ex- 
cessive. To  illustrate  this,  Table  7-3  gives  values  of  voltage  gain  at  100  MC 
relative  to  amplifier  load  resistance  for  various  types  of  transistors,  roughly 
indicating  the  pattern  of  gain  fall-off. 

TABLE  7-3.  TUNED  VOLTAGE  GAIN  VERSUS  RT 


Rq1 

(ohms) 

Voltage  Gain  (Ig  = 10  MA) 

2N706A 

2N2219 

2N2708/2N917 

50 

3.2 

3.2 

3.2 

200 

10 

10 

11 

500 

20 

16 

25 

1000 

27 

20 

35 

Above  30  MC,  the  amplifier  input  impedance  behavior  as  a function  of 
frequency  is  quite  complex.  The  series  resistive  component  is  approaching  the 
region  where  a peak  value  occurs,  which  is  then  followed  by  a rapid  decrease, 
finally  approaching  zero  in  the  frequency  range  of  60  to  200  MC,  depending  on 
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transistor  type,  bias  level,  and  load  resistance.  The  series  input  inductive 
reactance  as  a function  of  frequency  appears  to  increase  almost  coincidentally 
with  the  series  resistive  component  up  to  the  region  of  the  resistance  peak. 

And  above  the  peak  it  increases  rapidly  relative  to  the  resistive  component. 
From  immediately  above  the  frequency  of  peak  series  resistance,  the  amplifier 
input  impedance  is  essentially  inductive. 

Above  20  MC  the  amplifier  develops  a large  phase  lag  which  reaches  a 
value  of  45  to  70  degrees  in  the  region  of  60  MC,  but  which  does  not,  judging  by 
oscillator  performance,  exceed  a value  of  90  degrees  below  200  MC. 

7-21.  Attenuation  of  Feedback  Signal  Between  Crystal  Unit  Input  and  Amplifier 
Input  Points 


When  the  behavior  of  the  amplifier  input  resistance  is  considered  in 
relation  to  the  crystal  unit,  the  equivalent  circuit  at  the  crystal  unit  frequency 
is  of  the  form  shown  in  Figure  7-9  (b),  or  transforming  to  parallel  components, 
as  in  Figure  7-9  (c).  Designating  the  amplifier  input  impedance  as  Z^n,  the  re- 
lationship between  Vj  and  V2  is  then: 


v2 Zjn 

AVc  = V1  = zin  + Er  max 


(7-37) 


where 


zin  - rin(s)  + jcoL(s) 


j^L(p) 

1 + jcoL(p)/Rin 


(7-38) 


TPI07Z-B3  (c) 


Figure  7-9.  Equivalent  Circuit  of  Crystal  Unit  and  Amplifier  Input 
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Considering  the  case  of  parallel  input  components,  the  attenuation  is  then: 


In  practice,  this  does  not  appear  to  give  a good  estimate  of  the  attenuation. 
It  was  found  that  the  actual  attenuation  occurring  between  the  crystal  unit  input 
and  the  amplifier  input  lies  somewhere  between  the  value  given  by  Equation  (7- 
40)  and  that  which  would  be  obtained  if  the  inductive  component  in  Figure  7-9  (c) 
was  absent.  That  is: 


AVc 


Rjn 

Rin  + Er  max 


(7-42) 


No  satisfactory  explanation  has  been  found  for  this  effect.  One  possible  explana- 
tion is  that  the  increase  in  effective  emitter  resistance  due  to  the  addition  of 
Rr  max  *n  series  with  the  emitter  causes  a change  in  the  distribution  of  the  feed- 
back currents  between  the  base  and  emitter  paths,  thereby  increasing  L(p). 

Oscillation  can  usually  be  obtained  when  calculating  the  loop  gain  on  the 
basis  of  the  attenuation  given  by  Equation  (7-42),  but  it  will  then  usually  be  neces- 
sary to  increase  the  loop  gain  to  obtain  satisfactory  oscillator  performance  when 
subjected  to  external  variables.  A value  of  voltage  attenuation  mid-way  between 
the  two  values  given  by  Equations  (7-40)  and  (7-42)  seems  to  be  a suitable  choice. 

7-22.  Loop  Voltage  Gain  Relationships 

The  loop  voltage  gain  of  the  oscillator  is  conveniently  divided  into  three 
factors.  Referring  to  Figure  7-10,  these  are: 

(a)  The  voltage  gain  Gy  from  the  emitter  to  the  collector  of  the 
transistor. 
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Figure  7-10.  Oscillator  Loop  Voltage  Gain  Relationships 

(b)  The  voltage  ratio  Ayt  of  the  impedance  transforming  network  be- 
tween the  transistor  collector  and  the  crystal  unit  input  terminal. 

(c)  The  voltage  attenuation  Ay^  occurring  between  the  crystal  unit 
input  terminal  and  the  transistor  emitter. 

The  loop  voltage  gain  Gy^  is  then  given  by: 


GyL  - Gy  • Ayt  • Ayc 


(7-43) 


A loop  voltage  gain  of  1.4  is  usually  suitable  for  a worst-case  design 

giving: 


A 


vt 


1.4 

Gy  ■ Ayc 


(7-44) 


Gy  and  Ay^,  are  obtained  from  the  amplifier  measuring  process  and  the  known 

value  of  Rr  max3  enabling  the  impedance  transforming  network  voltage  ratio  to 
be  calculated. 


The  amplifier  loading  due  to  the  feedback  circuit, neglecting  losses ,is 

then: 


Rfb  - 


•^r  max  + ^in 


(7-45) 


7-23.  Crystal  Unit  Power  Dissipation 


The  signal  voltage  at  the  input  terminal  of  the  crystal  unit  Vmax  has  to 
be  limited  to  a specific  value  to  prevent  crystal  unit  overdrive.  This  in  turn 
indirectly  determines  the  maximum  value  of  the  collector  signal  voltage  VQmax  . 

The  two  are  related  by  the  voltage  ratio  Ay^  of  the  impedance  matching  transformer 
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connected  between  the  collector  and  the  crystal  unit  as: 


Vo  max 


vmax 

Avt 


(7-46) 


Vmax  is  also  a function  of  the  load  impedance  at  the  output  side  of  the  crystal 
unit  which  is,  in  this  case,  the  amplifier  input  impedance.  The  complex  nature 
of  the  amplifier  input  impedance  at  small  signal  levels  has  already  been  described, 
and  a further  increase  in  complexity  occurs  when  the  amplifier  is  subjected  to  a 
high  input  signal  level  of  the  order  of  that  expected  in  oscillator  service.  This 
will  be  far  larger  than  the  "linear"  region  of  the  emitter-base  diode  character- 
istic, and  a large  but  apparently  unpredictable  increase  in  the  amplifier  input 
impedance  can  be  expected.  Because  of  this  it  is  difficult  to  develop  an 
equation  for  Vmax  which  will  ensure  that  crystal  overdrive  does  not  occur  but 
which  is  not  so  stringent  as  to  place  needless  restraints  on  the  design. 


Judging  by  experimental  results,  it  appears  that  a suitable  limit  to 
apply  to  the  crystal  unit  input  voltage  is  approximately  twice  that  permitted 
across  a worst-case  crystal  unit.  That  is: 

vmax  ^ 2-s/pCMAX  ' ^r  max  (7-47) 

Applying  Equation  (7-47)  for  the  various  values  of  Rr  max  gives  the  values  of 
Vmax  shown  in  Table  7-4.  These  should  only  be  used  as  a rough  guide  to  the 
permissible  value  of  Vmax>  an^  when  finalizing  the  design  measurements  of  the 
voltage  across  the  crystal  unit,  should  be  made  to  determine  the  crystal  dis- 
sipation. This  approach  may  lead  to  erroneous  results,  however,  if  the  voltage 
across  the  crystal  unit  is  estimated  from  the  input  and  output  terminal  voltages 
relative  to  ground  because  of  the  large  phase  difference  of  these  signals. 

TABLE  7-4.  PERMISSIBLE  CRYSTAL  UNIT  INPUT  VOLTAGE 


Rr  max  (ohms) 

Vmax  (RMS) 

40 

0.56 

50 

0.64 

60 

0.7 

100 

0.9 
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7-24.  Crystal  Unit  Terminating  Resistance  Level 

To  prevent  degradation  of  the  crystal  unit  phase -shifting  capabilities, 
the  terminating  resistance  levels  on  either  side  of  the  crystal  unit  should  be 
low  compared  to  the  maximum  crystal  unit  resonance  resistance.  One  of  these 
terminating  resistances  is  the  amplifier  series  input  resistance,  and  reference 
to  the  plots  of  Figure  3-1 3 (a)  to  (d)  shows  that,  for  the  bias  conditions  indicated, 
■^in(s)  *s  much  smaller  than  the  values  of  Rr  max  appropriate  to  the  various  fre- 
quencies except  possibly  in  the  frequency  region  of  30  to  80  MC . In  this  fre- 
quency range  RirwS)  may  be  comparable  with  Rr  max  due  to  the  peak  of  Rin^  in 
this  region.  While  this  is  not  in  the  worst  case  a very  desirable  terminating  level, 
it  will  not  cause  a too  drastic  degradation  of  the  crystal  unit  phase-shifting 
capabilities  and  can  be  considered  satisfactory. 

These  are,  of  course,  the  small  signal  amplifier  input  resistance 
characteristics,  and  under  the  large  signal  conditions  that  occur  in  practice, 
it  is  difficult  to  interpret  what  the  terminating  level  provided  by  the  amplifier 
will  be. 


The  other  crystal  unit  termination  is  provided  by  the  amplifier  output 
resistance  via  the  impedance  transforming  network.  The  amplifier  output 
resistance  is  also  difficult  to  estimate,  but  it  is,  at  the  least,  smaller  than  the 
oscillator  load  Rl-  If  Rl  is  therefore  assumed  to  be  the  amplifier  output 

resistance,  the  crystal  unit  terminating  resistance  is  A ^ ■ Rl.  This  quantity 

vt 

is  usually  much  less  than  Rr  max- 

Both  crystal  unit  terminating  resistance  levels  therefore  appear  to  be 
adequate  in  this  oscillator  configuration. 

7-25.  Oscillator  Phase  Relationships 

Since  this  type  of  oscillator  gives  good  correlation  of  crystal  unit  and 
oscillator  frequencies  without  major  corrective  measures  despite  the  large  phase 
lag  present  in  the  amplifier,  the  mechanism  by  which  this  occurs  is  worth  con- 
sideration. Low  miscorrelation  of  oscillator  and  crystal  unit  frequencies  implies 
that  the  net  loop  phase  angle  of  the  remainder  of  the  circuit  is  approaching  zero 
and  therefore  a compensation  of  the  amplifier  phase  lag  must  be  inherent  in  the 
circuit.  It  appears  that  this  phase  correction  is  obtained  due  to  the  action  of 
the  crystal  unit  in  conjunction  with  the  amplifier  input  impedance.  Reference  to 
Figure  7-9  (b)  shows  that,  at  the  crystal  unit  resonance  frequency,  the  phase 
angle  of  the  amplifier  input  signal  relative  to  the  signal  at  the  crystal  unit  input 
frequency  is: 

6 = tan'1  -tan"1  — (7-48) 

Rin(s)  Rrmax  + ^in(s) 
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Rin(s)  is  always  smaller  than  Rr  max  + Rin(S)  and  at  the  higher  frequencies 
is  much  smaller.  Therefore,  0 is  a phase  lead  which  is  correspondingly  small 
at  low  frequencies  but  gradually  increases  with  frequency. 

Judging  by  the  small  amounts  of  phase  lead  which  had  to  be  introduced  in 
other  ways  into  the  circuit  to  obtain  good  frequency  correlation,  it  appears  that 
the  compensation  is  almost  complete  for  the  range  of  resonance  resistance  values 
expected  at  the  various  frequencies.  This  leads  to  the  conclusion  that  it  is  un- 
desirable to  connect  a low  impedance  across  the  amplifier  input,  since  this  will 
tend  to  decrease  the  phase  lead  obtained  at  this  point.  The  emitter  DC  current 
feedpath  should  therefore  preferably  be  at  least  10  times  XL(s)>  a condition 
which  will  normally  be  automatically  satisfied  by  the  conditions  imposed  by 
transistor  operating  point  stability  with  temperature  variations.  This  also 
precludes  the  use  of  resistive  loading  of  the  amplifier  input  to  decrease  ampli- 
fier regeneration,  leaving  as  the  two  alternatives  either  increased  amplifier 
output  loading  or  amplifier  neutralization. 

7-26.  Amplifier  Stability 

The  prevention  of  excessive  regeneration  within  the  amplifier  is  a major 
design  factor  at  the  higher  frequencies.  In  its  most  severe  form  it  results  in 
uncontrolled  oscillation  at  a frequency  spaced  some  distance  from  the  design 
frequency.  In  its  mildest  form  amplifier  regeneration  can  be  detected  as  a 
peculiarity  of  the  oscillator  tuning  action.  As  the  collector  circuit  is  tuned 
through  the  region  of  peak  output  signal,  a dissymmetry  of  the  signal  voltage 
as  a function  of  tuning  will  be  noted.  In  severe  cases,  the  action  is  quite 
abrupt,  oscillation  ceasing  immediately  when  peak  output  is  past.  Further- 
more, when  retuning  in  the  other  direction  to  restart  oscillation,  it  is  neces- 
sary to  tune  past  the  point  where  peak  output  was  previously  obtained  before 
oscillation  recommences. 

The  severity  of  this  effect  is  an  indication  of  the  relative  stability  of  the 
amplifier,  and  in  a satisfactory  oscillator  it  should  be  possible  to  tune  smoothly 
through  the  region  of  peak  collector  signal  voltage.  If  this  is  not  the  case,  the 
circuit  should  be  redesigned.  If  the  power  output  requirement  is  small,  operat- 
ing the  amplifier  at  a lower  collector  load  resistance  level  will  usually  result  in 
a cure,  but  if  high  output  power  is  desired  this  may  not  always  be  a suitable 
remedy  since  reducing  Rt  frequently  reduces  the  output  power.  Another  possi- 
bility then  is  to  neutralize  the  amplifier  by  means  of  an  inductor  in  parallel  with 
the  crystal  unit.  Above  100  MC  where  an  inductor  is  normally  used  in  this 
position  to  neutralize  the  crystal  unit  shunt  capacitance,  this  simply  entails 
decreasing  the  value  of  this  inductor  below  that  required  for  Co  cancellation. 

An  example  of  this  design  approach  is  given  subsequently. 
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7-27.  DESIGN  PROCEDURE  FOR  SERIES  RESONANCE  TRANSISTOR 

OSCILLATORS,  30  TO  200  MC 

7-28.  Step  1,  Selection  of  a Crystal  Unit  Type 

Select  a crystal  unit  type  having  a suitable  frequency  tolerance  applicable 
at  the  design  frequency,  and  determine  from  the  specification  sheet  the  crystal 
unit  dissipation  rating  PcMAX  and  the  maximum  resonance  resistance  Rr  max 
at  this  frequency.  From  100  to  125  MC  where  neutralization  of  the  crystal  unit 
shunt  capacitance  is  desirable,  the  specified  value  of  maximum  resonance  re- 
sistance can  be  regarded  as  equivalent  to  the  maximum  value  of  the  motional 
arm  resistance.  Above  125  MC  where  no  military  specifications  for  crystal 
units  exist  at  this  time,  R]_  max  can  be  specified  to  the  manufacturer  as  100 
ohms,  and  the  crystal  dissipation  rating  can  be  considered  to  be  2 MW. 

Calculate  the  permissible  signal  voltage  at  the  crystal  input  terminal 

from: 

^max  ~ 2 ^PcMAX  * ^r  max  (7-49) 

7-29.  Step  2,  Selection  of  a Suitable  Transistor  Type 

The  characteristics  having  the  greatest  influence  on  the  amplifier  per- 
formance are  the  current  gain-bandwidth  product  and  the  collector-base 
capacitance.  A high  fp  and  low  Cob  are  indicative  of  good  high  frequency  per- 
formance . 

Judging  by  experimental  results,  satisfactory  oscillators  can  be  designed 
at  frequencies  up  to  120  MC  and  perhaps  150  MC  using  transistor  types  having 
typical  current  gain-bandwidth  products  of  300  to  400.  Above  120  MC,  transistor 
types  having  current  gain-bandwidth  products  of  700  or  larger  should  be  satis- 
factory. It  appears  doubtful  that  types  having  a typical  fx  of  less  than  500  will  be 
suitable  at  the  highest  frequencies  due  to  excessive  amplifier  regeneration  at 
suitable  voltage  gain  levels.  To  adequately  stabilize  amplifiers  using  these  types 
at  200  MC  will  probably  require  the  voltage  gain  to  be  so  low  that  crystal  unit 
overdrive  is  likely  to  occur.  However,  if  the  amplifier  is  neutralized,  it  may 
be  possible  to  develop  a satisfactory  design. 

7-30.  Selection  of  a Suitable  Transistor  DC  Operating  Point 

The  first  consideration  is  to  bias  the  transistor  in  a region  where  the 
current  gain-bandwidth  product  is  optimized  and  where  the  emitter  base  capaci- 
tance is  minimized.  For  transistor  types  suitable  for  oscillator  designs,  the 
current  gain-bandwidth  product  is  usually  largest  in  the  collector  current  range 
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of  3 to  30  MA  and  for  collector-emitter  DC  voltages  of  5 to  20  volts.  Ccb',  which 
forms  a part  of  C0b  and  is  presumably  a major  factor  in  the  amplifier  regenera- 
tion action,  is  also  suitably  minimized  in  this  range  of  DC  collector-emitter 
voltage. 

If  only  low  power  output  is  required  as  would  usually  be  the  case  when 
used,  for  example,  as  a receiver  mixer  injection  signal  source,  the  lower  col- 
lector current  and  collector -emitter  voltage  will  be  suitable.  If  high  power 
output  is  desired,  bias  conditions  approaching  the  higher  end  of  the  quoted 
ranges  will  be  necessary.  Power  outputs  approaching  50  percent  of  the  tran- 
sistor dissipation  can  be  obtained,  and  calculations  similar  to  those  that  would  - 
be  used  at  low  frequencies  to  determine  the  bias  conditions  for  a Class  A power 
amplifier  may  be  helpful  in  determining  suitable  bias  conditions.  This  assumes, 
however,  that  the  amplifier  will  be  stable  with  the  calculated  collector  load  re- 
sistance, which  may  be  very  far  from  the  case. 

7-31.  Step  4,  Calculation  of  the  Component  Values  for  the  Test  Amplifier 

The  circuit  will  be  of  the  form  shown  in  Figure  7-11.  The  collector 
circuit  tuning  inductor  should  resonate  with,  say,  50  PF  at  30  MC,  decreasing 
to  perhaps  10  PF  at  200  MC . It  is  desirable  that  the  collector  tuned  circuit 
effective  parallel  resistance  should  be  large  compared  to  the  highest  value  of 
collector  load  resistance  R-p  that  will  be  used  during  the  test.  The  highest 
value  of  Rp  will  usually  be  1 K or  less,  making  a tuned  circuit  effective  parallel 
resistance  of  8 to  10  K suitable.  At  the  lower  frequencies  the  losses  of  the 


Figure  7-11.  Amplifier  Test  Circuit 
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collector  tuning  capacitor  will  usually  be  negligible.  At  the  higher  frequencies, 
however,  some  types  of  tuning  capacitor  may  have  a significant  parallel  resist- 
ance. With  the  object  of  converting  this  amplifier  into  the  prototype  oscillator, 
the  biasing  resistors  should  be  selected  to  provide  adequate  transistor  operating 
point  stability  over  the  intended  temperature  range.  The  amplifier  input  loading 
due  to  the  emitter  feed  resistor  should  also  be  considered  which  should  have  a 
value  of,  say,  6 to  10  times  the  expected  amplifier  parallel  input  reactance  at 
frequencies  above  50  MC.  The  subsequently  presented  design  examples  may  be 
helpful  in  gauging  the  reactance  levels  to  be  expected.  The  collector  and  base 
circuit  decoupling  capacitors  should  be  close  to  self-resonance  at  the  design 
frequency.  A grid-dip  meter  is  useful  for  determining  this  condition. 

7-32.  Step  5,  Construction  of  the  Amplifier  Test  Circuit 

The  circuit  layout  should  follow  good  engineering  practice  with  regard 
to  minimizing  lead  lengths  and  the  decoupling  of  supply  lines.  To  decrease  the 
possibility  of  feedback,  the  emitter  and  collector  circuits  should  be  spaced  as 
far  apart  as  possible  consistent  with  maintaining  minimum  lead  lengths.  The 
layout  should  allow  access  to  the  collector  and  emitter  leads  for  the  voltage 
measuring  probes,  and  the  impedance  bridge  connections  should  be  immediately 
adjacent  to  the  emitter  connection.  With  the  object  of  converting  this  circuit 
to  the  prototype  oscillator,  provision  should  be  made  for  installing  the  feedback 
circuit  components  at  a later  stage. 

Figure  5-3  shows  a circuit  layout  constructed  on  a brass  chassis  designed 
to  mount  directly  on  the  ground  terminal  of  the  RX  Meter.  The  shield  between 
the  emitter  and  collector  circuits  is  not  essential.  Unless  previously  measured 
and  found  satisfactory,  the  collector  tuning  inductor  should  not  be  installed  at 
this  stage. 

7-33.  StepS,  Determination  of  the  Amplifier  Characteristics 

The  procedure  to  be  described  applies  specifically  to  the  Boonton  RX 
Meter,  but  should  also  be  adaptable  to  other  high-frequency  impedance  measur- 
ing bridges,  provided  the  signal  voltage  at  the  bridge  terminals  is  sufficiently 
low.  The  object  is  to  measure  the  small  signal  amplifier  characteristics,  and 
too  large  a signal  will  modify  the  results,  particularly  if  signal  limiting  occurs. 
The  linear  input  signal  handling  capabilities  of  a transistor  amplifier  depends 
greatly  on  the  transistor  bias  conditions  but  generally  lies  in  the  range  of  10  to 
30  MV.  Normally  the  signal  output  of  the  RX  Meter  will  be  much  larger  than 
this,  and  the  instrument  used  in  these  tests  was  modified  to  make  the  bridge 
output  signal  adjustable. 

This  modification  is  described  in  the  instruction  manual  and  consists  of 
connecting  a variable  resistor  in  series  with  the  bridge  oscillator  plate  supply 
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voltage  line.  It  requires  about  one  hour  to  introduce  this  modification  and  is,  in 
any  case,  a desirable  improvement,  greatly  enhancing  the  instrument's  useful- 
ness for  semiconductor  circuit  measurements. 

When  using  the  RX  Meter  at  low  output  signal  levels  at  high  frequencies, 
there  are  two  effects  which  should  be  noted.  Adjusting  the  output  signal  level 
will  often  cause  a sufficient  change  of  the  bridge  oscillator  frequency  to  desensi- 
tize the  null  detector  circuit  unless  a corresponding  adjustment  is  made  of  the 
heterodyne  oscillator  frequency.  (This  oscillator  operates  at  a frequency  100 
KC  removed  from  the  bridge  oscillator  frequency  to  produce  a 100-KC  difference 
frequency  which  is  then  fed  to  the  null  detector  circuit.)  At  the  highest  frequencies 
the  heterodyne  oscillator  signal  appears  at  the  bridge  terminals  at  a level  of  from 
5 to  20  MV.  This  will  cause  an  amplifier  output  which  may  mislead  the  operator 
into  thinking  that  the  amplifier  is  oscillating. 

The  measuring  procedure  is  as  follows:  Adjust  the  RX  Meter  to  operating 
condition  at  the  design  frequency.  Measure  and  note  the  input  impedance  of  the 
RF  voltmeters  that  will  be  used  to  measure  the  amplifier  input  and  output  signal 
voltages.  Measure  the  resistance  of  a number  of  carbon  resistors  and  select 
several  having  actual  resistance  values  in  the  range  of  200  ohms  to  1 K for  use 
as  amplifier  loads.  Values  of  approximately  200,  300,  .500,  700,  and  1000  ohms 
are  suitable.  The  graphs  of  Figure  5-2  may  be  useful  when  making  a preliminary 
selection  of  resistors.  Measure  the  effective  parallel  resistance  of  the  collector 
circuit  tuning  inductor.  Calculate  the  actual  total  amplifier  load  resistance  for 
each  load  resistor.  This  consists  of  the  parallel  combination  of  the  measured 
resistance  of  the  loading  resistor,  the  plate  circuit  RF  voltmeter  input  resistance, 
and  the  effective  parallel  resistance  of  the  collector  tuning  inductor. 

Install  the  collector  tuning  inductor  in  the  circuit.  Connect  the  amplifier 
to  the  bridge  terminals,  with  the  live  terminal  connecting  to  the  transistor 
emitter  via  a capacitor  of  negligible  impedance.  Short  the  collector  to  the  de- 
coupled supply  point,  null  the  bridge  while  setting  the  bridge  output  voltage  to 
10  or  15  MV,  retuning  the  detector  oscillator  if  necessary.  Note  the  amplifier 
parallel  input  impedance  components.  Measure  the  signal  voltage  appearing  at 
the  decoupling  points  of  the  collector  and  base  to  ascertain  that  the  decoupling  is 
adequate . 

Replace  the  short  circuit  with  the  lowest  value  loading  resistor  and  tune 
the  collector  circuit  for  maximum  collector  signal  voltage, adjusting  the  bridge 
output  voltage  if  necessary.  Null  the  RX  Meter  and  retune  the  plate  circuit  for 
maximum  signal.  Null  the  RX  Meter  again  if  necessary.  Note  the  amplifier 
parallel  input  components.  The  amplifier  input  inductance  may  in  some  cases 
be  beyond  the  range  of  the  bridge  and  it  will  then  be  necessary  to  place  a 
capacitor  across  the  bridge  terminals  to  obtain  a null  indication.  Repeat  the 
measuring  process  for  the  remaining  load  resistors. 
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Using  a signal  generator  and  a calibrated  attenuator,  measure  the  rela- 
tive accuracies  of  the  RF  voltmeters  at  the  scale  settings  employed  in  the  test. 
Correct  the  readings  accordingly  and  calculate  the  amplifier  voltage  gain  for 
each  load  condition.  Plot  the  amplifier  voltage  gain  and  input  resistance  as  a 
function  of  the  total  amplifier  load  resistance. 


7-34.  Step  7,  Selection  of  an  Amplifier  Operating  Condition  for  the  Oscillator 

Design 

The  problem  is  one  of  selecting  from  the  plotted  data  an  operating  point 
which  will  provide  a high  voltage  gain  and  negligible  undesirable  effects  due  to 
amplifier  instability.  Numerous  alternatives  exist,  but  one  criterion  which 
appears  to  be  valid  at  least  above  70  MC  is  that  at  the  operating  point  selected 
the  amplifier  input  resistance  should  not  exceed  twice  the  value  measured  when 
the  collector  is  shorted.  This  appears  to  ensure  a satisfactory  degree  of 
amplifier  stability  and  may  be  used  as  a guide  in  determining  the  maximum 
collector  load  that  may  be  employed. 


When  the  operating  point  has  been  selected,  the  oscillator  design  calcu- 
lation is  as  follows:  Tabulate  the  corresponding  values  of  amplifier  total  load 
Rt,  the  amplifier  parallel  input  components  Rin  and  XL(p),  and  the  amplifier 
voltage  gain  Gy.  Calculate: 


AVc 


'in 


^in  + -^r  max 


(7-50) 


u>L(p) 


-^L(p) 
^r  max 


Rr  max\ 
Rin  l 


(7-51) 


Select  a value  half-way  between  these  two  and  calculate: 


Ayt 


Gy 


1.4 

‘ Avc 


(7-52) 


RFr  = 


Rin  + Rr  max 


(7-53) 


Calculate  the  resistance  of  the  parallel  combination  of  Rfb  and  the  previously 
measured  parallel  resistance  of  the  collector  tuning  inductor  and  the  voltmeter 
to  be  used  in  the  collector  circuit.  Designating  this  resistance  as  Rn,  calculate 
the  actual  oscillator  load  resistance  from: 


= Rn  . RT 
L Rn  + Rt 


(7-54) 
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Calculate  the  impedance  transformer  component  values.  The  capacitive  divider 
appears  to  be  the  most  suitable  network  to  use  at  these  frequencies.  The  design 
relationships  for  this  network  are: 

Avt  = + c2  (7'55) 

and 

X(Cl  + C2)  5 3 (^r  max  + ^in)  ~ 3 ^r  max  (T-^) 

This  latter  condition  is  imposed  by  phase  angle  considerations  as  discussed  in 
Section  4.  In  order  to  obtain  good  frequency  correlation,  it  may  be  necessary 
to  increase  or  decrease  X^c-^  + Cg)  to  introduce  a small  phase  angle.  Convert 
the  amplifier  to  the  oscillator  circuit. 

7-35.  DESIGN  EXAMPLES 

7-36.  193 -MC  Oscillator 

The  circuit  is  shown  in  Figure  7-12  and  was  designed  for  true  grounded 
base  operation  as  a precaution  against  possible  difficulties  due  to  AC  grounding 
the  base.  This  is  not  necessary  in  practice,  and  a conventional  single  voltage 
supply  biasing  scheme  should  be  suitable.  The  calculation  is  presented  for  both 
values  of  Ay^  for  comparison  purposes. 

A 150-MC  crystal  was  used  in  this  evaluation  by  operating  it  in  the  9th 
overtone  mode.  Late  in  the  evaluation  period  the  pins  of  the  crystal  holder  (HC- 
18)  were  damaged  and  it  was  necessary  to  transfer  the  crystal  to  another  holder 
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Figure  7-12.  193-MC  Oscillator  Circuit 
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(HC-6).  The  repackaged  crystal  resistance  was  approximately  20  percent  larger 
and  the  series  resonance  frequency  decreased  10  KC . No  other  ill  effects  were  noted. 


The  design  calculation  is  presented  for  both  values  of  Ay^  for  compari- 
son purposes.  The  crystal  unit  used  had  characteristics  similar  to  those  of  the 
CR-56A/U  but  with  R2  max  - 100  ohms,  PqMAX  = 2 MW'  The  measured  ampli- 
fier data  is  given  in  Figure  7-13,  and  a working  point  was  selected  at  Rj  = 600 
ohms,  R|n  = 460  ohms,  Gy  = 12.5,  = 65  ohms. 


Then: 


For 


II 

0 

> 

c 

0.82 

Ay  c = 0.51 

Ayt  - 

0.136 

Ay^  - 0.22 

Rfb  = 

30  K 

rl  « 

Rt  = 600  ohms. 

C2 

C1 

- 1 - 6.3 

Avt 

C2 

TT  = 3.5 
°1 

c2  = 

25  PF,  C2  = 4 PF 

For  Cg  = 

= 15  PF,  C2  = 4.3  PF 


This  design  was  evaluated  for  C2  = 3 PF,  C2  = 15  and  25  PF  with  the  results 
indicated  in  Figure  7-14  and  Table  7-5. 
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Figure  7-13.  2N917  Common  Base  Transistor  Amplifier  at  193-MC 


TABLE  7-5.  DESIGN  EVALUATION  DATA,  193-MC  TRANSISTOR  OSCILLATOR 
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Figure  7-14,  Frequency  Vs.  Temperature  for  the  193-MC  Transistor 

Oscillator  (2N917) 

7-37.  150-MC  Oscillator 


This  is  essentially  the  same  circuit  that  was  used  at  193  MC  but  with 
tuning  and  feedback  circuit  changes  (see  Figure  7-15).  However,  a comparison 
of  the  amplifier  voltage  gain  and  input  impedance  as  a function  of  load  for  the 
two  cases  shows  that  the  transistor  characteristics  changed  considerably.  The 
same  comments  concerning  amplifier  biasing  apply. 


The  crystal  units  used  had  characteristics  similar  to  those  of  the  CR- 
56A/U  but  with  Rj  max  = 100  ohms,  PcMAX  ” 2 Mw*  The  measured  amplifier 
data  is  given  in  Figure  7-16  and  an  amplifier  working  point  was  selected  at 
Rp  = 600  ohms,  R^n  = 150  ohms,  Gy  = 34,  XL(p)  = 43  ohms. 


Then:  Ay^  = 

0.6 

A rr  — 0.35 

VC 

n 

-M 

> 

< 

0.069 

Ay^  = 0 . 12 

Rfb  « 

53  K 

Therefore:  R^  «s 

R-p  = 600  ohms 

C2  _ 

1 - 1 = 13.5 

C9 

— = 7.5 

Cl  " 

AV, 

Cl 

For  C2  = 

50  PF,  C1  = 3.7 

PF  For  C2  = 25  PF,  Cj 

3.3  PF 
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R|ISI  (OHMS) 


25  and  50  PF  with 


This  design  was  evaluated  using  Cj  = 5 PF,  C 2 = 
the  results  indicated  in  Figure  7-17  and  Table  7-6. 


tpiot! -59  TEMPERATURE  (aC) 


Figure  7-17.  Frequency  Vs.  Temperature  for  the  150-MC  Transistor 

Oscillator  (2N917) 

7-38.  120-MC  Oscillator 

The  object  of  this  design  was  to  obtain  a high  power  output.  Consequently, 
a transistor  type  was  selected  having  a dissipation  rating  higher  than  would  nor- 
mally be  used  in  crystal  oscillator  service.  The  oscillator  circuit  is  shown  in 
Figure  7-18.  The  crystal  unit  characteristics  are: 

CR-56A/U,  Rr  max  = 60  ohms,  PcMAX  ~ 2 MW. 

The  measured  amplifier  data  are  given  in  Figure  7-19,  and  a working 
point  was  selected  at  R-p  = 320  ohms,  R^n  = 130  ohms,  = 19  ohms, 

Gy  =37. 
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TABLE  7-6.  DESIGN  EVALUATION  DATA,  150-MC  TRANSISTOR  OSCILLATOR 
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notes; 

Ic  = 25  MA 

ALL  CAPACITORS  IN 
UUF  UNLESS  OTHERWISE 
NOTED. 


Figure  7-18.  120-MC  Oscillator  Circuit 


200  300  v 400 


LOAD  RESISTANCE,  RT(0HMS) 

TP  1072-  151 

Figure  7-19.  2N2217  Transistor  Amplifier  at  120  MC 


Then: 


AVc  - 0.69 

| Ay^-,  j — 0.29 

Ayj.  = 0.055 

Ayj.  = 0 . 13 

RpE  - 60  K 


Therefore: 


RL  R-p  = 320  ohms 
1 


£2 

Cl 


Avt 


- 1 = 17 


C2 


= 6.7 


t 


For 


C2  = 8 PF,  C2  = 136  PF  For  C1  = 8 PF,  C2  =54  PF 


The  design  was  evaluated  for  C2  = 50  PF  for  RL  equal  to  320  and  250  ohms 
with  the  results  shown  in  Figure  7-20  and  Table  7-7, 


TEMPERATURE  (°C) 

Figure  7-20.  Frequency  Vs.  Temperature  for  the  120-MC 
Transistor  Oscillator  (2N2217) 
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TABLE  7-7.  DESIGN  EVALUATION  DATA,  120-MC  TRANSISTOR  OSCILLATOR  (2N2217) 
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7-39.  75 -MC  Oscillator 


The.  object  of  this  design  was  to  develop  as  much  power  output  as  possible 
while  maintaining  the  crystal  dissipation  below  the  2 MW  maximum.  The  cir- 
cuit is  shown  in  Figure  7-21.  This  design  followed  the  one  at  120  MC,  and  the 
2N2217  - 2N2219  types  were  again  selected  for  evaluation.  At  this  frequency 
the  2N2219  had  the  best  voltage  gain  and  input  resistance  characteristic.  When 
converted  to  an  oscillator  and  the  feedback  network  optimized,  the  performance 
was  surprisingly  poor,  100  MW  being  the  maximum  output  obtained.  After 
several  values  of  load  resistance  and  feedback  network  were  attempted  without 
any  improvement,  it  was  decided  to  partially  neutralize  the  transistor  so  that 
operation  with  a larger  value  of  load  resistance  would  be  possible.  The  neutrali- 
zing scheme  consisted  of  connecting  a coil  across  the  crystal  socket.  Retesting 
the  circuit  on  the  RX  Meter  (crystal  removed)  gave  the  improved  curves  of 
Figure  7-22.  These  curves  show  stable  gain  characteristics  for  R-p  = 900  ohms. 
In  practice  500  ohms  were  the  maximum  value  before  tuning  hysteresis  occurred. 
The  neutralized  oscillator  displayed  a much  improved  power  output  (170  MW). 

The  crystal  unit  characteristics  are: 

CR-56A/U,  RfRiax  = ^ ohms,  -^CMAX  = ^ MW 
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Figure  7-22.  2N2217-2N2219  Transistor  Amplifier  at  75  MC 


The  measured  amplifier  data  for  the  three  types  of  transistors  are  given  in 
Figure  7-22.  Using  the  data  for  the  neutralized  2N2219  amplifier,  a working 
point  was  selected  at  R-p  = 470  ohms,  Rin  = 46  ohms,  Gy  = 30,  = 25 

ohms . 

Then: 


AVC 

- 0.48 

Av  = 0.35 

vcl 

Avt 

- 0.097 

A\j.  = 0.133 

rfb 

= 10  K 
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TABLE  7-8.  DESIGN  EVALUATION  DATA,  7.5-MC  TRANSISTOR  OSCILLATOR 
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Therefore: 


R-p  = 470  ohms 
1 


£2 

Cl 


6.5 


For  Ci  = 8 PF,  C2  = 75  PF  Cx  = 8 PF,  C2  = 52  PF 

In  this  case  it  was  necessary  to  decrease  Ay^  to  prevent  crystal  unit  overdrive, 
and  a value  of  100  PF  was  found  suitable  for  C2.  The  design  evaluation  data  is 
presented  in  Figure  7-23  and  Table  7-8. 


tp  1072-62  TEMPER  ATURE  (dC) 

Figure  7-23.  Frequency  Vs.  Temperature  for  the  75-MC  Transistor 

Oscillator  (2N2219) 

7-40.  TRANSISTOR  SERIES  OSCILLATORS,  90  TO  500  KC 

NOTE:  No  oscillator  design  work  was  performed  in  this  frequency 

range,  and  consequently  a verified  design  approach  cannot 
be  proposed.  . The  following  discussion  should  therefore 
only  be  regarded  as  a tentative  design  approach  formulated 
on  the  basis  of  experience  at  higher  and  lower  frequencies 
with  similar  circuits. 
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The  oscillator  configuration  treated  for  the  range  of  0.8  to  30  MC  is 
also  valid  in  this  frequency  range.  However,  the  characteristics  of  crystal  units 
in  the  90  to  500  KC  range  are  such  that  the  configuration  shown  in  Figure  7-2  is 
only  suitable  for  low  power  applications  where  an  oscillator  output  of  around  1 
MW  is  required. 

This  limitation  is  imposed  by  the  large  crystal  unit  resonance  resistance 
at  these  frequencies  which  causes  a drastic  attenuation  of  die  signal  fed  back  to 
the  transistor  emitter.  Consequently,  the  amplifier  has  to  be  operated  at  a high 
voltage  gain  which  in  turn  implies  a high  collector  load  resistance  level,  compar- 
able to  the  feedback  network  input  resistance.  Using  this  circuit,  higher  oscil- 
lator output  power  can  only  be  obtained  by  decreasing  the  feedback  signal  attenu- 
ation. This  could  be  achieved  by  introducing  another  impedance  transforming 
network  between  the  crystal  output  terminal  and  the  transistor  emitter  as  shown 
in  Figure  7-24  (a). 

Another  alternative  which  gives  similar  results  is  to  use  a grounded 
emitter  amplifier  configuration  as  shown  in  Figure  7-24  (b).  In  this  circuit  the 
base  input  resistance  of  the  transistor  amplifier  is  sufficiently  high  to  avoid  an 
excessive  attenuation  of  the  feedback  signal  between  the  crystal  unit  input 
terminal  and  the  amplifier  input,  thereby  reducing  the  amplifier  voltage  gain 
requirements.  This  in  turn  allows  a reduction  in  amplifier  load  resistance 
level  and  consequently  an  increase  in  power  output.  This  is  the  circuit  subse- 
quently discussed.  However,  when  the  oscillator  power  output  requirement  is 
of  the  order  of  the  crystal  dissipation  rating,  it  is  recommended  that  the  circuit 
described  for  use  in  the  0.8  MC  to  30  MC  range  should  be  employed.  The 
adaptation  of  the  design  procedure  given  for  this  circuit  to  the  different  crystal 
characteristics  should  be  straightforward. 


Figure  7-24.  Transistor  Series  Oscillator  Circuits 
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7-41.  Crystal  Unit  Characteristics 

Table  7-9  gives  the  major  characteristics  of  the  military  standard 
series  resonance  crystal  units  in  the  frequency  range  of  90  to  500  KC.  There 
are  no  preferred  series  resonance  crystal  units  in  the  90  to  200  KC  range,  but 
the  CR-37A/U  anti -resonance  type  can  be  used  as  the  equivalent  of  a series 
crystal  unit  if  a 20  PF  loading  capacitor  is  connected  in  series  with  the  crystal 
unit.  This  type  and  the  CR-42A/U  for  use  in  controlled  temperature  applications, 
for  which  the  appropriate  series  loading  capacitance  is  32  PF,  are  included  in 
Table  7-9  with  this  proviso. 

The  maximum  resonance  resistance  of  the  crystal  units  ranges  from 
2.5  to  7.5  K and  the  rated  dissipation  is  2 MW  in  all  cases.  The  actual  value 
of  resonance  resistance  likely  to  be  encountered  is  from  1/9  Rr  max  to  Rr  max. 

7-42.  Amplifier  Characteristics 

It  is  recommended  that  only  the  high-frequency  type  transistor  character- 
ized by  current  gain -bandwidth  products  of  100  MC  or  larger  should  be  employed 
in  this  frequency  range.  These  transistor  types  behave  as  essentially  resistive 
devices  in  this  frequency  range,  and  their  low  ohmic  emitter  and  base  resistance 
allow  amplifier  voltage  gain  and  input  resistance  to  be  calculated  from  relatively 
simple  formulae.  , . 

A discussion  of  the  behavior  of  this  type  of  transistor  amplifier  together 
with  design  equations  is  given  in  Paragraphs  3-12  to  3-25. 

7-43.  Loop  Voltage  Gain  Equations 

The  loop  voltage  gain  of  the  circuit  of  Figure  7-24  (b)  can  conveniently 
be  divided  into  two  factors.  These  are: 

(a)  The  net  voltage  gain  Gyjp  from  the  crystal  unit  input  terminal  to 
the  collector. 

(b)  The  voltage  ratio  Ayj.  of  the  impedance  transformer  between  the 
collector  and  the  crystal  input  terminal. 

The  loop  voltage  gain  is  then: 

GVL  = gVR  * Ayt  (7-57) 

The  net  voltage  gain  of  a common  emitter  amplifier  with  an  emitter  de- 
generation resistor  and  a series  base  resistor  Rbb>  at  frequencies  well  below 
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7-9.  MILITARY  STANDARD  SERIES  RESONANCE  CRYSTAL  UNITS,  90  TO  500  KC 
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**  Anti-Resonance  Types 


the  voltage  gain  cutoff  frequency  fvi  and  provided  that  the  collector  load  is  much 
smaller  than  the  collector-base  diode  resistance,  is: 

Op  Rt 

GVR  ' rE  + re  + (rbb'  + Rbb  )(!-%)  (7'58) 

The  amplifier  input  resistance,  provided  that  the  time  constant  Rbe  ■ 
Cbg  is  much  less  than  1,  is: 

Ri  rbb'  + Rbb  + hFE  (rE  + re)  (7-59) 

In  this  circuit  Rbb  is  the  resonance  resistance  of  the  crystal  unit.  Consequently, 
the  net  voltage  gain  will  be  a minimum  when  Rr  has  its  maximum  value  Rrmax 
and  when  Oq  is  equal  to  Qbmin-  These  are,  therefore,  the  values  that  should  be 
used  for  a worst-case  design.  Further,  since  Rrmax  is  at  least  2 K compared 
to  rbb;  values  of  less  than  100  ohms  for  the  transistor  types  considered  suitable 
for  this  application,  rbb"  can  be  neglected.  The  input  resistance  and  voltage 
gain  equations  are  then: 


Rj 

^rmax  + ^FE  min  (rE  re^ 

(7-60) 

GVr  = 

aomin  rT 

(7-61) 

rE  + re  + ^r  max  (^  ~ ao  min  ) 

The  actual  amplifier  input  resistance  will  be  smaller  than  that  given  by 
the  second  term  of  Equation  (7-60)  due  to  the  loading  contributed  by  the  base 
biasing  network.  The  net  voltage  gain  will  then  be  less  than  that  given  by 
Equation  (7-61).  Frequently,  however,  the  loading  due  to  the  base  biasing  net- 
work can  be  arranged  to  be  negligible  in  comparison  with  the  transistor  input 
resistance.  Temporarily  assuming  this  to  be  the  case,  the  net  voltage  gain  is 
then: 


GVR 


hFE  min 


(7-62) 


To  provide  a suitably  low  crystal  unit  terminating  resistance  level,  the 
amplifier  small  signal  input  resistance  should  be  small  compared  to  Rrmax  • 

An  amplifier  input  resistance  of  from  0 to  0.33  Rrmax  is  considered  to  ade- 
quately satisfy  this  requirement,  and  the  combined  input  resistance  of  the  ampli- 
fier and  the  crystal  unit  is  then: 


Ri  ~ K Rrmax 


(7-63) 


where  K has  a value  of  from  1 to  1.33. 


The  minimum  value  of  Rrmax  in  this  frequency  range  is  2.5  K,  and  in 
order  to  satisfy  this  requirement  the  amplifier  input  resistance  must  be  not’ 
more  than  85  0 ohms.  Reference  to  the  discussion  of  common -emitter  amplifier 
input  resistance  given  in  Section  4 indicates  that  this  requirement  can  be  met  at 
relatively  low  emitter  current  levels  for  even  high  current  gain  transistor  types. 


The  impedance  transforming  network  between  the  collector  and  the  crys- 
tal unit  input  terminal  will  have  a certain  voltage  ratio  Ay^,  giving  a loop  voltage 
gain  of: 


GVL 


h FE  min  ; RT  • AVt 
K ^rmax 


(7-64) 


Ay^.  is  a design  variable,  the  value  of  which  must  be  selected  to  be  sufficiently 
large  to  result  in  a feasible  loop  voltage  gain,  but  which  must  also  be  sufficiently 
small  to  prevent  crystal  unit  overdrive . 


The  resistance  reflected  into  the  collector  circuit  due  to  the  loading  by 
the  feedback  circuit  is,  neglecting  losses: 


rFB  “ 


R Rr  max 


(7-65) 


The  total  amplifier  load  resistance  Rq  consists  of  the  oscillator  external 
load  RLj  the  transformed  feedback  network  load  Rfb»  and  the  impedance  trans- 
forming network  losses.  Assuming  the  latter  to  be  part  of  Rl,  the  relationship 
is: 

„ _ RL  • Rfb 

xyt  — 

Rl  + %B 


K Rl  • Rr  max 


KR 

A 


r max  \ 


(7-66) 


Substituting  for  Rq  in  Equation  (7-64)  then  gives: 


hFE 


mm 


Rl 


JvL 


K R 


LVt 


Ri 


r max 


A 


(7-67) 


A loop  voltage  gain  of  1.4  is  considered  suitable  for  a worst-case  design,  pro- 
vided that  the  value  of  hqE  min  used  is  the  minimum  value  likely  to  be  encount- 
ered due  both  to  the  spread  between  units  and  the  lowest  ambient  temperature 
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to  which  the  oscillator  will  be  subjected.  Substituting  this  value  into  Equation 
(7-64)  then  gives: 


PL  _ 1.4 

^^rmax  AVj;  ^FE  min  " 1-4  Ay^) 


(7-68) 


This  equation  relates  the  amplifier  load  resistance  to  the  combined  input  resist- 
ance of  the  amplifier  in  series  with  the  crystal  unit  as  a function  of  the  feedback 
transformer  voltage  ratio  and  the  transistor  minimum  current  gain. 


Plotting  this  relationship  using  hpp  mjn  as  a parameter  gives  a useful 
design  chart  which  may  be  used  to  estimate  for  a given  transistor  hpp  the 
amplifier  load  and  feedback  transformer  voltage  ratios  that  are  suitable.  These 
plots  are  presented  in  Figure  7-25. 


7-44.  Crystal  Dissipation 


This  subject  is  discussed  in  Paragraph  7-7  for  oscillators  in  the  0.8  to 
30  RIC  range.  The  information  presented  there  is  also  applicable  in  this  fre- 
quency range,  and  the  resulting  expression  for  the  maximum  permissible  volt- 
age at  the  crystal  unit  input  terminal  for  a worst -case  design  is: 


V 


/PC  MAX  ■ pr  max 


max 


(7-69) 


7-45.  Relative  Values  of  Crystal  Unit  Dissipation  and  Oscillator  Power  Output 


The  voltage  across  the  amplifier  load  resistance  is  related  to  Vmax  by 
the  voltage  ratio  of  the  feedback  transformer.  Consequently,  the  maximum 
oscillator  power  output  for  a worst-case  design  is: 


^max  _ PCMAX  • prmax 
Avf  • rl  2 Avf  • rl 


(7-70) 


Therefore,  the  permissible  oscillator  power  output  relative  to  PcMAX  is: 
PL  R 


vr  max 


PCMAX  2 AVJ  • Rl 
R 

Substituting  for  r max from  pqUati0n  (7-68)  gives: 
Kt 


(7-71) 


K PL 
PCMAX 


(hFE 


mm 


1.4  Ay. 


II 


2.8 


(7-72) 
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TPI072-63 


Figure  7-25.  Relative  Values  of  RT  and  R„  „ as  a Function  of 

j-i  r max 

Av  and  hFE  min 


This  equation  also  provides  useful  design  information  when  plotted  using  hpg  mjn 
as  a parameter.  These  curves  are  shown  in  Figure  7-26  and  can  be  used  to 
estimate  for  a given  transistor  minimum  hpp  the  required  feedback  transformer 
voltage  ratio  for  a given  power  output  relative  to  the  crystal  unit  dissipation 
rating . 

7-46.  DESIGN  PROCEDURE  FOR  SERIES  RESONANCE  TRANSISTOR 
OSCILLATORS,  90  TO  500  KC 

It  is  suggested  that  the  design  procedure  should  follow  the  pattern  of  that 
presented  in  Paragraphs  7-9  to  7-13  for  design  in  the  0.8  to  30  MC  range.  This 
procedure  uses  design  charts  similar  to  those  given  in  Figure  7-25  and  7-26  to 
determine  a suitable  amplifier  load  resistance  and  feedback  network,  and  then 
relates  these  to  the  amplifier  biasing  conditions. 

7-47.  Noteworthy  Points 


(a)  When  the  transistor  is  operated  at  current  levels  of  more  than  3 MA, 
it  is  desirable  to  employ  emitter  degeneration  in  the  amplifier. 

When  using  high  current  gain  transistors  the  unbypassed  emitter 
resistor  should  not  be  too  large,  otherwise  the  amplifier  input 
resistance  may  not  provide  a suitable  crystal  unit  terminating 
resistance  level.  However,  emitter  degeneration  resistor  values 

as  low  as  5 ohms  will  substantially  increase  the  uniformity  of  the 
amplifier  characteristics. 

(b)  The  loading  due  to  the  base  biasing  network  can  be  accounted  for  by 
considering  the  transistor  current  gain  to  be  reduced  in  the  same 
ratio  as  the  amplifier  input  resistance  is  reduced  by  the  loading. 
Alternatively,  the  oscillator  load  may  be  increased  by  a similar 
amount.  Paragraph  3-6  gives  a method  of  designing  for  a minimum 
loading  due  to  the  base  biasing  network. 


(c)  If  the  amplifier  is  operated  at  a high  voltage  gain,  the  amplifier  may 
have  a substantial  capacitive  reactance  input  component  possibly 
approaching  the  amplifier  input  resistance  in  magnitude  due  to  feed- 
back through  Co)-,.  This  may  result  in  a loop  phase  lag  and  a resultant 
oscillator  frequency  miscorrelation.  It  is  possible  to  neutralize  the 
feedback  current  which  causes  this  effect  by  means  of  a capacitor 
connected  from  the  secondary  of  the  feedback  transformer  to  the 
amplifier  input;  that  is,  in  parallel  with  the  crystal  socket.  The 
capacitor  value  should  be  related  to  CQb  by  the  equation: 


Cn 


Cob 

AVt 


(7-73) 
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There  may,  however,  be  a possibility  of  uncontrolled  oscillation  at 
some  higher  frequency  due  to  feedback  via  this  capacitance,  and  if 
this  method  fails  the  alternative  is  to  redesign  at  a lower  collector 
load  level. 

(d)  The  value  of  hpEmin  used  in  estimating  the  oscillator  load  and  feed- 
back network  relationships  should  correspond  to  the  minimum  value 
of  the  transistor  hpE  at  the  lowest  operating  temperature.  Other- 
wise, the  loop  voltage  gain  is  likely  to  be  inadequate  under  these 
environmental  conditions. 

7-48.  SERIES  RESONANCE  TRANSISTOR  OSCILLATOR  DESIGN,  1 TO 

100  KC 

The  oscillator  configuration  discussed  for  use  in  the  90  KC  to  500  KC 
range  is  also  applicable  at  these  frequencies  although,  due  to  the  much  larger 
values  of  crystal  unit  resonance  resistance,  design  is  more  demanding  and  is 
only  just  feasible  at  the  lowest  frequencies.  Unless  an  impedance  transforming 
network  is  also  used  at  the  amplifier  input  side  of  the  crystal  unit,  a large  signal 
attenuation  occurs  between  the  crystal  unit  input  terminal  and  the  amplifier  in- 
put, requiring  the  amplifier  voltage  gain  to  be  high.  This  is  not  considered  to 
be  a very  suitable  method  of  decreasing  the  design  requirements,  however, 
and  the  most  suitable  alternative  appears  to  be  a two-stage  amplifier  design. 

Adding  another  impedance  transformer  to  the  circuit  would  not  cause 
undue  complexity  in  itself,  the  complicating  factor  is  the  high  impedance  level 
required  of  the  network  on  the  crystal  unit  side.  The  maximum  crystal  unit 
resonance  resistance  is  in  the  range  of  60  to  200  KC,  and  to  make  a worthwhile 
improvement  the. parallel  loss  resistance  of  the  impedance  transformer  should 
at  least  approach  10  percent  of  this  value.  At  the  lowest  frequencies  where  an 
improvement  is  most  desired,  the  200  KC  value  of  resonance  resistance  applies 
and  this  would  require  inductance  values  of  several  hundred  millihenries  if  a Q 
of  20  to  50  is  assumed.  This  would  be  fairly  bulky  and  would  also  require  to  be 
tuned  to  avoid  loop  phase  error.  And  if  used  untuned,  the  inductance  required 
would  be  of  the  order  of  several  henries.  Neither  of  these  possibilities  appears 
to  be  desirable. 

On  the  other  hand,  using  a two-stage  amplifier  design,  ample  gain  is 
obtained  and  the  large  attenuation  in  the  feedback  circuit  is  then  acceptable.  The 
disadvantage  of  this  approach  is  the  increased  circuit  complexity  and  cost. 

The  single-stage  grounded-emitter  oscillator  circuit  described  previously 
for  use  in  the  90  to  500  KC  range  is  therefore  probably  the  most  suitable  and 
least  complex  circuit.  However,  in  order  to  use  this  circuit  at  the  lowest  fre- 
quencies, a high  current  gain  type  transistor  will  be  required,  and  it  may  also 


be  necessary  to  use  a collector  signal  limiting  circuit  to  prevent  crystal  unit 
overdrive . 

7-49.  Crystal  Unit  Characteristics 

The  only  military  type  series  resonance  crystal  unit  applicable  in  this 
frequency  range  is  the  CR-50A/U  covering  the  range  from  16  to  100  KC . The 
major  characteristics  of  this  crystal  unit  are: 

Frequency  Range:  16  to  100  KC,  inclusive 

Overall  Frequency  Tolerance:  ±0.012  percent 

Operating  Temperature  Range:  -40  to  +70°C 

Rated  Dissipation:  0.1  MW 

"16  to  30  KC:  100  K 
30+ to  50  KC:  90  K 

Maximum  Resonance  Resistance:-*  50+ to  70  KC:  80  K 

70+ to  90  KC:  70  K 

^90+  to  100  KC : 60  K 

Crystal  Holder:  HC-13/U 

There  are  no  military  type  crystal  units  applicable  at  frequencies  below 
16  KC,  but  crystal  units  are  manufactured  for  operation  at  frequencies  from 
below  1 KC  to  16  KC.  Typical  manufacturer's  data  for  these  give  the  following 
major  characteristics: 

Overall  Frequency  Tolerance:  ±0.015  percent 

Operating  Temperature  Range:  -40  to  +70°C 

Rated  Dissipation:  Values  ranging  from  10  to  100  UW  r" 

Maximum  Resonance  Resistance:  Values  from  100  to  200  K.  * 

NOTE;  Of  these  latter,  10  UW  and  200  K appear  to  be  the 
suitable  values  to  employ  for  design  purposes. 
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Physical  Configuration: 


The  resonator  in  these  units  is  in  the 
form  of  a relatively  long  quartz  bar, 
and  usually  the  holder  is  a cylindri- 
cal glass  bulb  3 to  4 inches  in  length 
mounted  on  an  octal  tube  base,  al- 
though at  the  higher  frequencies 
crystal  holders  of  the  HC-13/U  type 
may  be  available . 

For  these  crystal  units  the  range  of  variation  of  resonance  resistance 
likely  to  be  encountered  is  from  approximately  1/9  Rrmax  to  Rrmax  • 


7-50.  Crystal  Unit  Dissipation 


In  the  circuits  to  be  presented  the  crystal  unit  operates  into  the  base 
input  impedance  of  a transistor.  Insofar  as  low-level  signal  conditions  are 
concerned,  this  resistance  level  is  much  smaller  than  the  crystal  unit  resonance 
resistance.  It  would  appear  from  this  that  the  signal  voltage  at  the  amplifier 
input  will  be  much  smaller  than  that  at  the  crystal  unit  input  terminal.  This 
leads  to  the  conclusion  that  the  crystal  unit  input  voltage  should  not  exceed  that 
value  which  would  cause  the  rated  crystal  dissipation  when  a crystal  unit  having 
a minimum  value  of  resonance  resistance  is  in  circuit.  Taking  Rrmin  as  1/9 
Rrmax  gives  the  permissible  input  voltage  as: 


^'max 


1 

3 


CM  AX  • 


^r  max 


(7-74) 


This,  however,  neglects  the  non-linear  behavior  of  the  amplifier  input  resistance 
at  the  relatively  large  signal  levels  that  will  occur  in  practice.  This  will  increase 
the  average  amplifier  input  resistance  and  produce  a more  equitable  division  of 
the  signal  between  the  crystal  unit  and  the  amplifier  input  resistance. 

. The  permissible  input  signal  voltage  will  be  larger  than  that  given  by 
Equation  (7-74)  by  a factor  of  perhaps  2.  The  only  adequate  way  of  ensuring 
that  crystal  overdrive  does  not  occur  is  to  measure  the  crystal  unit  voltage. 
Normal  voltmeter  methods  are  not  suitable  because  of  the  non-linear  waveform 
at  the  amplifier  input  point  and  oscilloscope  measurements  are  to  be  preferred, 
particularly  if  a differential  signal  can  be  displayed,  since  the  voltage  appearing 
across  the  crystal  can  then  be  determined  directly. 

7-51.  Amplifier  Characteristics 

The  general-purpose,  small-signal,  low-frequency  types  of  transistors 
are  applicable  in  this  frequency  range.  These  types  are  usually  characterized 
in  the  data  sheets  by  means  of  the  hybrid  or  h parameters.  The  formulae 


relating  these  to  the  amplifier  input  and  output  resistance  and  gain  are  given  in 
Paragraphs  3-7  to  3-11. 

The  high-frequency  type  transistors  having  current  gain-bandwidth 
products  of  100  MC  or  more  are  also  suitable.  These  types  have  low  ohmic 
base  and  emitter  resistance  which  allows  the  amplifier  voltage  gain  and  input 
resistance  to  be  estimated  using  relatively  simple  formulae.  Amplifier  character- 
istics using  these  types  of  transistors  are  discussed  in  Paragraphs  3-12  to  3-25. 
The  preceding  discussion  of  series  oscillator  design  in  the  90  KC  to  500  KC  range 
may  be  useful  when  using  these  types  of  transistor. 

7-52.  Oscillator  Loop  Gain  Relationships 

The  process  involved  in  arriving  at  a suitable  set  of  loop  gain  relation- 
ships consists  of  assuming  a set  of  transistor  bias  conditions  and  load  resistance 
and  determining  the  power  gain  and  input  resistance.  These  are  then  related  to 
the  crystal  unit  characteristics  to  determine  the  transformation  ratio  of  the  im- 
pedance transforming  network  between  the  collector  circuit  and  the  crystal  unit. 
From  this  the  permissible  collector  signal  voltage  before  crystal  overdrive 
occurs  under  the  worst  conditions  can  be  calculated.  Provided  that  the  collec- 
tor signal  voltage  can  be  held  to  this  level  in  practice,  the  design  is  then  suitable. 
If  not,  the  design  process  must  either  be  repeated  at  a lower  collector-emitter 
DC  voltage  level  or  other  means  of  collector  signal  voltage  limiting  must  be 
introduced. 

The  following  example  of  a design  suitable  for  the  16  to  30  KC  frequency 
range  illustrates  the  approach. 

NOTE:  The  following  discussion  is  presented  in  terms  of  the  circuit 

power  relationships.  This  is  not  in  keeping  with  the  more 
usable  loop  voltage  gain  relationship  used  throughout  the  re- 
mainder of  the  design  sections.  The  use  of  the  loop  voltage 
gain  approach  is  recommended. 

For  the  2N336  transistor,  the  following  parameters  are  quoted  at  the 
current  and  voltage  levels  shown  in  Figure  7-27. 

hib 

hob 

hrb 

hfb 


- 55  ohms 

- 0. 25  x 10  ^ mho 
= 700  x 10"6 

= -0.99 
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Figure  7-27.  Grounded  Emitter  Tuned  Oscillator 
Conversion  to  the  common  emitter  parameters  gives: 
hie  ~ 5.5  x 10®  ohms 
hoe  = 0.25  x 10-4  mho 
hre  = 7 x 10"4 
hfe  = 99 

Substituting  these  values  in  Equations  (3-18)  and  (3-19)  with  Rq>  = 10  K gives: 
Gp  = 12,700 
Rin  = 5 K 

With  the  biasing  network  shown,  the  value  of  Rin  is  shunted  by  Rbi  and  Rb2  in 
parallel,  and  with  the  values  shown,  this  reduces  R[n  to  3.5  K and  Gp  to  8700. 
Decreasing  Gp  by  a factor  of  2 to  ensure  adequate  loop  gain  gives: 

R* 

GP  = °P  • Rin>Vr  - 147  <Rr  = K)  (7-75) 
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(7-76) 


Rl  Gp  - 1 


R 


FB 


Gp  • % 


Transformation  Ratio,  Tr  = 


Rfb 
Rin  + pi 


giving  a transformer  turns  ratio  of  3.8 


Rt  « Rt  = 10  K 

= 1.47  MEGO 
= 14.2 

if  unity  coupling  is  assumed. 


(7-77) 

(7-78) 


The  amplifier  input  resistance  is  so  low  that  the  maximum  crystal  dis- 
sipation will  occur  when  Rr  has  its  minimum  value,  and  the  maximum  permis- 
sible output  voltage  and  power  can  then  be  obtained  by  considering  the  feedback 


circuit  when  Rr 

- 11  K. 

Then: 

Rin 

ti  - 

Rin  + Rr 

Therefore, 

PCMAX 

PFB  = 

1 - E 

Rfb  = 

pr  (Rin  + Rr 

Rfb 

pL  = 

Rl  ' PFB 

- 0 . 13  MW 


(7-79) 

(7-80) 

(7-81) 

(7-82) 


This  gives  an  output  voltage  of  approximately  5 VRMS  which  is  larger  than  the 
transistor  is  capable  of  giving  under  the  assumed  bias  conditions,  and  there  is 
no  danger  of  crystal  overdrive.  A larger  power  output  could  be  obtained  by  re- 
designing the  oscillator  at  a higher  transistor  dissipation  level.  No  transformer 
losses  are  accounted  for,  and,  therefore,  the  effective  load  would  actually  be 
somewhat  lower  than  10  K. 


The  impedance  level  seen  by  the  crystal  at  the  secondary  terminals  of  the 
feedback  transformer  is  approximately: 

Rl 

— - 360  ohms  (7-83) 

xr 

The  crystal,  therefore,  sees  a total  terminating  resistance  of  approximately 
3.9  K. 
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This  process  is  also  applicable  to  two-stage  oscillators.  In  this  case 
the  amplifier  power  gain  is  the  product  of  the  power  gain  of  the  two  amplifier 
stages. 

7-53.  DESIGN  EXAMPLES 
7-54.  3 -KC  Transistor  Oscillator 

Calculation  showed  that  the  major  design  problem  would  be  in  obtaining 
sufficient  output  voltage  limiting  to  prevent  crystal  overdrive.  The  first  method 
used  to  limit  the  output  voltage  swing  was  to  bias  the  transistor  for  a = 2 V. 
This  alone  was  inadequate  for  a value  of  Rr  = 20  K (the  assumed  minimum  value) 
due  to  the  relatively  large  energy  storage  capability  of  the  17  network  inductor, 
and  it  was  necessary  to  limit  the  positive  collector  voltage  swing  with  a zener 
diode  connected  between  emitter  and  collector  (see  Figure  7-28). 

To  prevent  undue  loading  of  the  oscillator  by  the  B+  feed  resistor,  this 
resistor  was  connected  to  the  low  impedance  side  of  the  77  network.  The  effective 
load  of  this  resistor  appearing  in  parallel  with  the  oscillator  load  at  the  collector 
of  the  transistor  was  approximately  220  K,  due  to  the  impedance  transforming 
action  of  the  77  network.  The  output  power  lost  in  this  resistor  is  therefore  less 
than  10  percent.  An  inductive  transformer  would  be  preferable  to  the  77  network. 

Crystal  Unit:  T-9XY;  Resonant  Frequency:  2999.6  CPS;  Resonance  Resistance:  50  K 
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For  Ie  - 1 MA,  Vce  = 5V,  the  parameters  of  the  2N336  are: 


We 

- 5.5  x 10**  ohms 

-6 

CD 

In 

& 

= 1400  x 10 

hfe 

= 100 

rr 

o 

CD 

= 24  x 10~6  mhos 

which,  for  Rj 

= 17  K gives: 

GP 

= 22,000 

Rin 

= 3.8  K 

The  total  input  resistance  consists  of  3 . 8 K and  the  two  100  K biasing 
resistors  in  parallel;  that  is,  3.6  K.  The  biasing  network  resistance  Rb  reduce 
the  gain  to: 


= 20, 

000 

r jj 

P Rb+Rin 

TJ 

r max 

II 

to 

o 

o 

K and  Rrmax  + Rin  - 204  K 

and  therefore: 

GP 

= GP 

• ?in  ' = 350 

Rrmax  + Rin 

ol N 

h 

o 

= 175 

Rfb 

"oloq 

II 

x Rt  = 3 MEGO 

(7-80) 


(7-81) 


(7-82) 


The  transformation  ratio  is: 

rFB 

Tr  = — = 15  (7-83) 

max  + 


The  voltage  transformation  ratio  is: 


TV 


Rfb 

rmax  + 


4 


(7-84) 


77  Network  Calculation: 


The  coil  used  had  L = 110  MH,  and  tl  = 13  ohms  at  3 KC,  giving: 


Xl  = 2100  ohms 


Ignoring  loading  (justified  below): 


XL 

XC 


Tv  + 1 


5 


(7-85) 


where  Xc  is  the  reactance  of  the  capacitance  in  the  impedance  transforming  leg 
of  the  77  network.  Therefore: 


Xq  = 420  ohms 

Comparing  Xc  with  Rrmax  + Rin  in  parallel  with  the  13 -K  resistor 
supplying  B+  shows  that  the  phase  error  will  be  less  than  2 degrees  and  loading 
can  be  ignored.  Also  rg  , the  series  equivalent  of  the  load,  will  be  approxi- 
mately 14  ohms. 

XLff  = XL  - Xc  - 1700  ohms  (7-86) 

0j  = tan"1  XLeff  7 (7-87) 

rL  + rs 

01  < 1 degree 


Since  loading  effects  are  negligible,  Equation  (7-85)  is  justified.  There- 
fore: 


C 


1 

mXc 


0. 13  UF 


(7-88) 


The  value  of  the  tuning  capacitor  is  given  by: 


1 

Ct  toXLeff 


0.031  UF 


Feedback  Phase  Shift  for  Rr  = Rrmin 


(7-89) 


It  is  shown  previously  that  for  Rr  = 200  K,  the  feedback  phase  shift  will 
be  less  than  3 degrees.  If  this  network  is  then  used  with  a crystal  with  Rr  = 20  K 
(lowest  Rr  value  likely  to  occur),  this  phase  shift  may  increase.  Rrmax  + Rin 
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and  the  13 -K  resistor  in  parallel  gives  a total  secondary  load  of  8.5  K.  Using 
the  parallel  to  series  transforms,  C and  Rs  in  parallel  transform  to: 

(7-90) 


(7-91) 

(7-92) 


-1  XLeff  -1 

0j  = tan  — - tan  50  > 89  degrees  (7-93) 

rL  + rs 

Phase  error  = 180  - 0j  - 0yQ  « 3 degrees  (7-94) 

Maximum  crystal  dissipation  will  occur  for  Rr  = 20  K (the  assumed 
minimum  value),  and  the  permissible  output  voltage  is  determined  as  follows: 

For  a maximum  crystal  dissipation  of  10  UW,  the  permissible  feedback 
power  PFB  for  Rin  = 3.6  K will  be  12  UW.  Therefore,  the  output  voltage  of  the 
tt  network  must  not  exceed  a value  of: 

Vmax  -^PFB  x Hr  min  + f*in  = 0.53  VRMS  (7-95) 

and  V0  = V x Ty  (7-96) 

= 2.2  VRMS 


The  load  presented  to  the  transistor  by  the  13  K resistor  supplying  B+ 
when  transformed  through  the  rr  network  is: 

Tr  x 13, 000  = 220  K 

Therefore,  for  R-p  = 17  K,  RL  is  required  to  be  19  K. 

A value  of  20  K was  used  for  Rp. 

The  evaluation  data  are  presented  in  Table  7-10  and  Figure  7-29. 
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Figure  7-29.  Frequency  Vs.  Temperature  for  the  3-KC  Transistor  Oscillator 
7-55.  20-KC  Transistor  Oscillator 

This  oscillator  is  similar  to  that  in  Paragraph  7-54,  the  major  difference 
being  in  the  biasing  arrangement.  Because  of  the  increased  feedback  efficiency 
and  power  dissipation  of  this  type  of  crystal  (Rj.  max  = 100  K,  Pc  = 0.1  MW), 
the  output  voltage  limiting  requirements  are  less  stringent.  In  this  particular 
design,  V^g  was  4 volts  and  no  additional  limiting  was  required.  The  circuit  is 
shown  in  Figure  7-30. 

This  oscillator  could  also  have  been  designed  with  the  collector  biasing 
resistor  in  the  low  impedance  side  of  the  tt  network.  If  the  same  inductor  (34 
MH)  was  used,  it  would  then  be  necessary  to  increase  Rg  to  give  additional  gain. 
The  reason  for  this  is  that  the  departure  of  $V0  from  90  degrees  for  the  tt  net- 
work used  in  the  present  design  would  be  further  increased  by  the  additional 
loading.  This  is  undesirable,  and  the  only  means  of  reducing  this  phase  error 
is  by  decreasing  Xq;  that  is,  increasing  Tr.  This,  in  turn,  requires  increased 
gain.  Alternatively,  a lower  value  of  inductance  could  be  used.  An  inductive 
transformer  would  be  preferable  to  the  rr  network. 
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NOTES: 

ALL  CAPACITORS 
IN/iF  UNLESS 
OTHERWISE  NOTED 


lg  = I MA 


Figure  7-30.  20-KC  Single-Stage  Transistor  Oscillator 


Crystal  Used: 

Resonant  Frequency: 
Resonance  Resistance: 


CR-50/U 


20.403.0  CPS 

14. 000  ohms 


For  Ie  = 1 MA,  = 5 V,  the  parameters  of  the  2N336  are: 


hie  = 5.5  x 103  ohms 


hre  = 1400  x 10' 


hfe  - 100 


hoe  = 24  x 10"°  ohms 


which,  for  Rg  = 10  K gives: 
Gp  = 14,000 


Rin  = 4.4  K 


The  total  input  resistance  consists  of  4.4  K and  the  two  biasing  resistors 
in  parallel;  that  is,  3.1  K.  The  biasing  network  resistance  R^  = 10  K reduces 
the  gain  to: 
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(7-97) 


G„  x 


*b 


P Rfe  + Rin 

R, 


r max 


Therefore: 


or 


G' 
~2 

lFB 


10,700 

100  K and  Rj.  max  + Rin  = 103  K 


G'  = G_ 


■m 


Rr  max  + Rin 


= 320 


160 

G' 


x Rt  = 1.6  MEGO 


The  transformation  ratio  is: 

R, 


T = — 
r R. 


FB 


r max 


+ ^n 


= 15 


(7-98) 


(7-99) 


(7-100) 


The  voltage  transformation  ratio  is: 


R 


TV  = 


FB 


-R-»-»  rrtov  Rin 


- 3.9 


(7-101) 


r max 


The  coil  to  be  used  had  L = 34  MH,  rL  = 4 ohms  at  20.4  KC  giving: 
XL  = 4350  ohms 
Ignoring  loading  (justified  below): 


XL 

= Tv  + 1 = 4-9 


(7-102) 


where  X^-.  is  the  reactance  of  the  capacitance  in  the  impedance  transforming  leg 
of  the  n network.  Therefore: 


Xq  = 890  ohms 

Comparing  Xq  with  Rr  max  + R-n  shows  that  the  phase  error  will  be  less 

than  1 degree  and  loading  can  be  ignored.  Also,  r'  will  be  approximately  8 ohms. 

s 

xLeff  = XL  _ XC  = 3460  ohms  (7-103) 
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88  degrees 


(7*104) 


*1 


- tan" 


X 


Leff 


rL+r‘s 


Since  loading  effects  are  negligible,  Equation  (7-102)  is  justified. 
Therefore: 


C = 8800  UUF 

The  value  of  the  tuning  capacitor  is  given  by: 

Cr,,  = = 2260  UUF  (7-105) 

T W • xLeff 

Feedback  Phase  Shift  for  Rr  = Rr  m-n 

It  is  shown  previously  that  for  Rp  = 100  K,  the  feedback  phase  shift  will 
be  less  than  3 degrees.  If  this  network  is  then  used  with  a crystal  with  Rp  = 10  K 
(lowest  Rp  value  likely  to  occur),  this  phase  shift  may  increase.  Using  the 
parallel-to-series  transforms,  C and  Rp  min  + Rin  in  parallel  transform  to: 

r'  =61  ohms 
s 

XC'  * XC 

Therefore  0VO  = 86  degrees 
0j  = 89  degrees 
Phase  error  = 5 degrees 

Maximum  crystal  dissipation  will  occur  for  Rf  = 10  K (the  assumed  mini- 
mum value),  and  the  permissible  output  voltage  is  determined  as  follows: 

For  a maximum  crystal  dissipation  of  100  UW,  the  permissible  feedback 
power  Pjrg  for  R^n  = 3.1  K will  be  130  UW.  Therefore,  the  output  voltage  of  the 
77  network  must  not  exceed  a value  of: 

V = VPFB  x Rs  min  - 1.3VRMS  (7-106) 

VG  max  = V x Ty  (7-107) 

= 5.1  VRMS 

S 

/ 

V; 
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The  design  evaluation  data  are  presented  in  Figure  7-31  and  Table  7-11. 


Figure  7-31.  Frequency  Vs.  Temperature  for  the  20  KC 
Transistor  Oscillator 


7-56.  1-KC  Two-Stage  Transistor  Oscillator 

In  this  circuit  the  amplifier  gain  is  well  in  excess  of  10  . Consequently, 
there  was  no  difficulty  in  providing  adequate  loop  gain.  In  fact,  it  was  necessary 
to  severely  mismatch  the  crystal  to  limit  the  loop  gain  sufficiently  (note  the  2-K 
resistor  in  the  resistive  divider  feedback  network,  Figure  7-32). 

Other  methods  could  have  been  used  to  give  the  necessary  selectivity. 

For  example,  a Wien  Bridge  network  could  have  been  used  in  place  of  the  tuned 
circuit  and  resistance  divider  network.  Furthermore,  because  of  the  high  avail- 
able power  gain,  the  sacrifice  in  output  power  using  the  Wien  Bridge  would  not 
be  unduly  large,  since  the  total  load  resistance  could  be  reduced  appreciably  by 
appropriately  increasing  the  feedback  power. 

Crystal  Used:  T-9J 

Resonant  Frequency:  999.93  CPS 

Resonance  Resistance:  55  Kilohms 
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TABLE  7-11.  DESIGN  EVALUATION  DATA,  20-KC  TUNED-OUTPUT  TRANSISTOR  OSCILLATOR 
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TP  1072- M3 


Figure  7-32.  1-KC  Two-Stage  Transistor  Oscillator 

The  parameters  of  the  2N336  at  I = 1 MA  as  given  in  the  manufacturer's 
data  sheets  are: 

y=  ima>  vcb  = 5 v 

hil3  = 55  ohms 
hfb  = -0.99 

hrb  = 700  x 10~6 
hQb  = 0.25  x 10-6  mhos 

giving  = 714  x 10-6 

Transforming  common  emitter  parameters  gives,  for  I = 3 MA,  V ^ = 5 V: 
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2.2  kilohms 


hre  = 10 
hfe  = 120 

hQe  = 45  x 10-6  mhos 
Similarly,  for  I0  = 0.4  MA,  VqE  - 5V 


^ie 

9.7  K 

^re 

1.9  x 10"3 

II 

<D 

JC 

57 

II 

<D 

O 

si 

12  x 10“6  mhos 

The  total  load  on  Qg  is  the  load  resistor  (3  K),  the  load  of  the  feedback 
network  (set  at  50  K),  and  the  coil  loss  resistance  (35  K)  all  in  parallel,  con- 
stituting a load  of  2.6  K.  Using  the  parameters  for  I = 3 MA  and  ftp  = 2.6  K 
gives  the  second  stage  gain: 


Gp2  — 15,000 

and  Rin  (transistor  alone)  = 1.9  K 

The  actual  input  resistance  of  the  second  stage  consists  of  Rin  in  parallel  with 
7.5  K and  33  K (6.1  K)  giving:  R^  (actual)  = 1.3  K. 


This  additional  input  load  reduces  the  total  gain  of  the  second  stage  by  a 


factor  of 


R 


R+  Rjn  (transistor)  > 
Rin  (transistor).  Therefore, 


where  R is  the  total  resistance  in  parallel  with 


0.76  x 15,000 


11,000. 


Using  Rin  (actual)  as  the  load  of  Qj  and  the  parameters  for  I = 0.4  MA 
gives  a first  stage  gain:  Gpj  - 430 

and  Rjn  (transistor)  = 9.7  K 


Combining  this  with  the  biasing  network  (11.6  K)  gives: 


and 


Rin  (actual)  = 5.3  K 

G'  . = 230 
Pi 
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The  total  power  gain  is: 


Gp  = 11,000  x 230  = 2.5  x 10°, 
which  corresponds  to  a loop  voltage  gain: 


Gv  = J Gp  = 1600 

For  a loop  voltage  gain  of  1.4  (corresponding  to  a loop  power  gain  of  2),  the 
voltage  attenuation  of  the  feedback  network  is: 


1600  = 
1.4 


1150 


The  attenuation  ratio  of  the  crystal-transistor  input  portion  of  the  network  is 
fixed  (Rin  = 5.3  K,  Rr  max  = 200  K);  that  is: 

205 


5.3 


- 39 


The  attenuation  required  of  the  feedback  resistive  divider  is  therefore: 

Ar  = - 3° 

The  value  of  Ar  used  was  nominally  26  (51  K and  2 K). 

The  coil  tuning  capacitance  required  was  0.23  UF. 

Design  evaluation  data  are  presented  in  Figure  7-33  and  Table  7-12. 
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Figure  7-33.  Frequency  Vs.  Temperature  for  1 KC  Two-Stage  Transistor 

Oscillator 


7-57.  3-KC  Two-Stage  Transistor  Oscillator 

This  circuit  is  similar  to  the  oscillator  evaluated  in  Paragraph  7-56. 

The  sole  difference  is  in  the  tuned  circuit  elements.  At  this  frequency  the  induc- 
tor had  a Q of  150  which  resulted  in  less  loading  than  in  the  1 KC  design.  How- 
ever since  the  loading  was  already  negligible  in  the  latter  design,  this  had  no 
effect  on  the  calculations.  The  value  of  tuning  capacitor  required  was  0.026  UF 
(see  Figure  7-34). 


The  comments  made  concerning  the  1-KC  oscillator  of  this  type  are 
equally  applicable, to  this  oscillator. 


Crystal  Used: 
Resonant  Frequency: 
Resonance  Frequency: 


T-9XY 
2999.6  CPS 
50  Kilohms 
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FREQUENCY  (CPS) 


Design  evaluation  data  are  presented  in  Figure  7-35  and  Table  7-13 


Figure  7-35.  Frequency  Vs.  Temperature,  3-KC  Two-Stage 
Transistor  Oscillator 


SECTION  8 

TRANSISTOR  ANTI-RESONANT  OSCILLATOR  DESIGN 

8.1  ANTI-RESONANT  OSCILLATOR  CIRCUITS 

The  anti-resonance  crystal  unit  lends  itself  to  use  in  the  circuits  shown 
in  Figure  8-1.  In  Figure  8-1  (a)  the  amplifier  output  resistance  and  load  can  be 
considered  as  reflected  in  parallel  with  the  amplifier  input  by  the  impedance  trans- 
forming network  consisting  of  C^  and  C£.  The  effective  capacitance  of  C^  and  C2 
in  series  operating  in  conjunction  with  C3  then  transforms  the  combined  input  and 
output  resistance  of  the  amplifier  to  a suitable  crystal  unit  terminating  level.  The 
amplifier  is  required  to  have  a nominal  zero  phase  shift,  and  the  active  device 
configuration  is.  usually  either  an  emitter  follower  or  a cathode  follower. 

In  Figure  8-1  (b)  the  crystal  unit  operates  as  the  inductive  element  of  a 
F network  of  the  type  analyzed  in  Paragraph  1-10,  where  the  impedance  trans- 
forming action  is  discussed  in  detail.  In  this  circuit  the  amplifier  is  required  to 
have  nominal  phase  inverting  properties  and  the  active  device  configuration  is  a 
grounded  emitter  transistor. 

A useful  variant  of  this  circuit  is  obtained  by  interposing  a resistor  be- 
tween the  f network  and  the  amplifier  output  as  shown  in  Figure  8-1  (c).  The  major 
advantage  of  this  circuit  relative  to  that  of  Figure  8-1  (b)  is  the  increased  power 
output  obtainable  for  comparable  crystal  unit  loading  or,  alternatively,  the  re- 
duction in  loading  that  can  be  achieved  for  comparable  output  power  levels.  An 
analagous  variant  of  the  circuit  of  Figure  8-1  (a)  can  also  be  obtained  by  inter- 
posing a resistor  between  the  amplifier  output  and  the  junction  of  the  impedance 
transforming  capacitors  and  C2. 

The  circuits  of  Figure  8-1  (b)  and  (c)  appear  to  be  most  suited  to  transis- 
tor amplifier  designs  when  the  loading  of  the  crystal  unit  by  the  amplifier  is  con- 
sidered, and  these  are  the  circuits  selected  for  discussion.  The  circuit  of  Figure 
8-1  (b),  which  will  hereafter  be  referred  to  as  the  "basic"  Pierce  oscillator,  is 
most  suited  to  low  power  output  applications  where  the  output  power  required  is 
of  the  order  of  1 to  5 MW.  This  condition  is  imposed  jointly  by  crystal  unit  loading 
considerations  and  feasible  transistor  DC  current  and  voltage  requirements.  This 
circuit  is  therefore  limited  to  such  applications  as,  for  example,  a receiver 
mixer  injection  signal  source. 

The  circuit  of  Figure  8-1  (c),  which  will  be  referred  to  as  the  "isolating 
resistor"  Pierce  oscillator,  is  suited  to  both  low  and  high  power  output  applica- 
tions, having  the  capability  (if  required)  of  giving  an  output  of  at  least  ten  times 
the  crystal  unit  dissipation  rating.  This  may  be  advantageous  in  certain  circuits 
such  as,  for  example,  transmitter  applications. 

When  the  basic  Pierce  and  the  isolating  resistor  Pierce  oscillators  are 
compared  for  low  power  applications,  the  former  has  the  advantage  of  requiring 
one  less  trimming  capacitor  than  the  latter,  but  at  the  higher  frequencies  this  is 
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Figure  8-1.  Anti-resonance  Oscillator  Circuits 

in  general  offset  by  an  increase  in  transistor  current  requirements.  In  addition, 
the  isolating  resistor  circuit  at  these  power  levels  is  easier  to  design  because  of 
the  reduction  in  the  interaction  of  amplifier  and  feedback  circuits.  When  all  factors 
are  considered,  therefore,  there  appears  to  be  little  to  choose  between  the  two 
circuits. 

These  circuits  have  only  been  studied  in  detail  for  the  frequency  range 
of  0.  8 to  20  MC,  and  this  forms  the  bulk  of  the  succeeding  discussion.  No  de- 
tailed design  approach  can  be  offered  for  the  lower  frequency  ranges  where  anti- 
resonance crystals  are  also  available,  but  the  characteristics  of  these  crystals 
are  such  that  this  circuit  appears  to  be  only  just  feasible  in  the  90  KC  to  500  KC 
range  and  impractical  below  90  KC.  A short  discussion  is  given  at  the  end  of 
this  section  containing  suggestions  as  to  how  the  approach  formulated  for  the  0.  8 
to  20  MC  range  can  be  adapted  to  the  90  to  500  KC  range. 
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The  following  discussion  draws  heavily  on  the  crystal  v network  analysis 
of  Section  1 and  the  high-frequency,  common-emitter  transistor  amplifier  dis- 
cussion of  Section  3,  to  which  it  will  be  necessary  to  refer. 

There  is  another  method  of  using  an  anti-resonant  crystal  unit  where 
the  crystal  unit  is  connected  in  series  with  a capacitor  having  the  specified  value 
of  loading  capacitance  Cl.  This  series  combination  behaves  in  essentially  the 
same  manner  as  a series  type  crystal  unit,  and  the  design  of  the  oscillator  cir- 
cuit becomes  essentially  that  of  a series  oscillator.  For  this  type  of  circuit 
reference  should  be  made  to  the  appropriate  handbook  section  dealing  with  the 
design  of  series  oscillators  in  the  particular  frequency  range  of  interest. 

8-2.  Anti -resonance  Crystal  Units,  0.8  to  20-MC  Range 

Table  8-1  gives  the  military  standard  anti-resonance  crystal  units  in 
the  0.8  to  25-MC  range.  With  the  exceptions  of  the  CR-33A/U  and  the  CR-71/U, 
these  are  all  fundamental  mode  crystal  units  having  similar  characteristics  in 
those  frequency  regions  where  overlap  occurs.  The  CR-33A/U  is  a special 
applications  unit  which  should  not  be  used  in  new  military  equipments  without 
governmental  permission  (see  Table  1-5). 

The  CR-71/U  is  a fifth  overtone  unit  intended  for  use  in  high  precision 
crystal  oscillators.  This  type  of  oscillator  requires  special  circuit  provisions 
such  as  close  tolerance  crystal  unit  temperature  control,  automatic  gain  control 
to  maintain  crystal  dissipation  virtually  constant,  and  well  regulated  supply 
voltage.  This  type  of  operation  is  beyond  the  scope  of  this  discussion  and  this 
crystal  unit  is  only  included  to  give  complete  coverage  of  the  crystal  unit  types 
available . 

Below  2.9  MC  for  wide  temperature  applications  there  is  no  real  choice 
of  crystal  units  available  to  the  designer.  The  CR-18A/U  and  CR-58A/U  units 
have  identical  performance  characteristics,  and  the  sole  difference  is  in  the  holder 
pin-size.  Above  2.9  MC  for  wide  temperature  range  applications,  there  is  a 
choice  of  three  overall  frequency  tolerances  of  ±0.002  percent  (CR-69/U  special 
permission  required),  ±0.0025  percent  (CR-66/U),  and  0.005  percent  (CR-78/U 
and  CR-64/U),  and  the  HC-18/U  crystal  holder  is  available  for  applications  where 
small  size  is  important.  The  CR-66/U  gives  a 2-to-l  improvement  in  overall 
frequency  tolerance  over  the  other  types  above  3 MC . However,  greater  care  is 
required  in  its  manufacture,  and  a higher  cost  can  be  expected. 

Among  the  temperature  controlled  units,  the  CR-62/U  gives  the  best 
overall  frequency  tolerance.  However,  its  comparatively  low  operating  tempera- 
ture only  allows  its  use  in  applications  where  the  ambient  temperature  does  not 
exceed  approximately  65°C.  The  higher  temperature  types  can  be  used  in  ambient 
temperatures  of  up  to  approximately  75°C,  but  at  the  expense  of  a doubling  of  the 
overall  frequency  tolerance. 
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TABLE  8-1.  ANTI-RESONANCE  CRYSTAL  UNITS  IN  THE  0.8  TO  25-MC  RANGE 


Crystal 

Holder 

Type 

IIC-6/U 

HC-17/U 

HC-18/U 

HC-6/U 

HC-25/U 

HC-18/U 

HC-6/U 

HC-6/U 

HC-6/U 

HC-6/U 

HC-6/U 

HC-30/U 

Crystal 

Unit 

Type 

CR-18A/U 

CR-58A/U 

CR-69/U 

CR-66/U 

CR-78/U 

CR-64/U 

CR-33A/U 

CR-27A/U 

CR-36A/U 

CR-62/U 

CR-68/U 

CR-71/U 

Max 

Co 

(PF) 

7 

7 

7 

7 

7 

7 

12 

t-  t—  C—  Cr- 

Loading 

Capacitance 

(PF) 

32 

32 

30 

30 

30 

30 

32 

32 

32 

32 

32 

32 

Dissipation 

Rating 

(MW) 

10  and  5 
10  and  5 
5 

10  and  5 
5 
5 

2.5 

5 and  2.5 
5 and  2.5 
5 and  2.5 
5 

Equivalent 

Resistance 

PES 

625  to  20 
625  to  20 
175  to  25 
60  to  25 
175  to  25 
120  to  25 
65  to  17 

fPES 

625  to  20 
625  to  20 
600  to  20 
40  to  15 
100  to  175 

Overall 

Frequency 

Tolerance 

(±%) 

RANGE  TY 

0.005 

0.005 

0.002 

0.0025 

0.005 

0.005 

0.005 

ROLLED  T’ 

0.002 

0.002 

0.001 

0.002 

0.00008 

Temperature 

Range 

(°C) 

EMPERATURE 

-55  to  +105 
-55  to  +105 
-55  to  +105 
-55  to  +105 
-55  to  +105 
-55  to  +105 
-55  to  +105 

r 1 

EtATURE  CONT 

+70  to  + 80 
+80  to  + 90 
+70  to  + 80 
+70  to  + 80 
±0.5 

(65  to  77°C) 


Frequency 

Range 

(MC) 

WIDE  T 

0.8  to  20 
0.8  to  20 
2.9  to  20 
3 to  20 

3 to  20 

4 to  20 
10  to  25 

TEMPEi 

0. 8 to  20 
0.8  to  20 
0.8  to  20 
3 to  20 
4.5  to  5.5 
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The  crystal  unit  maximum  equivalent  resistance  varies  considerably 
as  a function  of  frequency  as  shown  in  Figure  8-2  for  the  CR-18A/U  and  the  CR- 
64/U  types . These  plots  are  also  representative  of  Remax  in  other  available 
types.  The  minimum  value  of  equivalent  resistance  likely  to  be  found  is  possibly 
about  1/9  of  Remax.  ■ 


0.1  0.8  l 2 4 6 8 10  20  100 
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Figure  8-2,  Variation  of  Re  max  with  Frequency 

The  equivalent  series  inductive  reactance  of  the  crystal  unit  at  its  in- 
tended operating  frequency  is  equal  to  the  reactance  of  the  specified  loading 
capacitance  Cl  which  is  either  30  or  32  PF.  To  avoid  ambiguity,  a loading 
capacitor  of  32  PF  is  assumed  throughout  the  subsequent  discussion.  The 
changes  involved  when  designing  for  a 30-PF  loading  capacitance  are  minor  and 
should  be  evident.  The  behavior  of  the  equivalent  series  inductive  reactance  of 
a crystal  unit  designed  to  operate  with  a 32-PF  loading  capacitance  is  shown  in 
Figure  8-3  as  a function  of  frequency. 
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Figure  8-3.  Value  of  Xq  or  X for  30  and  32PF  Loading  Capacitors 

8-3.  Relationship  Between  Cl  and  fa 

The  actual  anti -resonance  frequency  fa  of  the  crystal  unit  and  loading 
capacitance  combination  is  determined  by  the  value  of  Clj  the  loading  capacitance. 
In  view  of  this  critical  relationship,  it  is  desirable  to  know  the  effect  of  small 
changes  in  Cl  on  fa.  f a is  also  a function  of  Ri,  Li,  Ci,  and  C0,  and  since  a 
mathematical  solution  requires  a knowledge  of  the  values  of  these  parameters 
which  requires  experimentation,  it  is  simpler  to  experimentally  determine  the 
CL-fa  relationship  directly.  Tests  were  made  on  a number  of  CR-18A/U  units 
using  a CI  Meter,  and  the  results  are  shown  in  Table  8-2. 

In  Table  8-2  the  asterisks  denote  that  these  crystals  were  artificially 
constructed  "worst  case"  units,  with  the  crystal  equivalent  resistance  increased 
to  a value  of  Remax  by  means  of  a series  resistor.  The  range  of  values  shown 
for  the  20-MC  crystal  is  due  to  a measurement  discrepancy.  The  value  depended 
on  the  sequence  in  the  series  circuit  of  the  added  resistor,  the  loading  capacitor, 
and  the  crystal  unit.  This  range  of  frequency  values  for  the  20-MC  "worst  case" 
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TABLE  8-2.  CHANGE  DUE  TO  Cl  CHANGE 


Crystal  Unit 
Frequency  (MC) 

Re  (Ohms) 

Change  in  fa  (PPM) 
for  1-PF  Change  in 
Cl  (32  PF  Nominal) 

Change  in  f£  (PPM) 
Per  Percent  Change 
in  Cl 

1 

230 

3 

1 

* 1 

600 

3 

1 

3 

35 

6 

2 

3 

14 

8 

3 

5 

24 

9 

3 

* 5 

60 

8 

2.7 

13 

9 

8 

2.7 

20 

8 

8 

2.7 

*20 

20 

12  - 21 

4-7 

* Artificially  constructed  "Worse-Case"  Units 

unit  is  of  doubtful  accuracy.  A value  of  8 to  12  PPM  would  probably  be  the  cor- 
rect range  for  a true  "worst  case"  crystal.  At  the  lower  frequencies  the  added 
resistors  had  no  influence  on  the  frequency  change. 

These  results  show  that  the  change  in  anti -resonance  frequency  of  a 
CR-18A/U  crystal  unit  varies  from  1 PPM  per  percent  change  in  Cl  at  the  low- 
frequency  end  of  the  range  to  probably  3 PPM  per  percent  change  in  Cl  at  the 
high-frequency  end  of  the  range.  For  frequencies  above  3 MC,  the  relationship 
appears  to  be  constant  at  about  3 PPM  percent  change  in  Cl- 

In  practice  Cl  consists  of  a network  of  three  capacitors  plus  the  ampli- 
fier input  capacitance  and,  in  the  case  of  the  basic  Pierce  circuit,  the  amplifier 
output  capacitance.  Above  3 MC  it  is  therefore  necessary  that  the  capacitance 
presented  to  the  crystal  unit  by  this  network  should  not  vary  by  more  than,  say, 

1 or  2 percent  due  to  all  causes  if  the  oscillator  frequency  tolerance  is  not  to 
unduly  exceed  that  of  the  crystal  unit.  The  input  capacitance  of  transistor 
amplifiers  is  quite  variable,  both  between  individual  transistors  and  with  tem- 
perature. It  is  therefore  necessary  that  the  physical  capacitance  placed  in 
parallel  with  the  amplifier  input  should  be  as  large  as  possible  so  that  the  per- 
centage variation  of  the  whole  is  minimized. 

In  the  vicinity  of  1 MC  a threefold  reduction  in  frequency  sensitivity 
occurs  and  a corresponding  relaxation  in  the  tolerance  of  Cl  is  possible  for 
the  same  oscillator  frequency  stability. 


8-4. 


Relationship  Between  Xe  and  Remax 


In  the  Pierce  type  oscillator  the  crystal  unit  acts  as  the  inductive  ele- 
ment of  a it  network  of  the  type  discussed  in  Paragraph  1-10.  One  of  the  import- 
ant characteristics  governing  the  operation  of  the  crystal  TT  network  is  the  ratio 


of 


xLeff  , 

~ where: 

^max 


xLeff  xe  XC£  XCS 


(8-1) 


The  maximum  value  of  xLeff  is  Xe,  the  crystal  unit  equivalent  series  reactance 

xLeff  Xe 

and,  therefore,  the  maximum  possible  value  of  — is  — . 

^max  1<emax 


The  behavior  of 


X, 


Rf 


for  a CR-18A/U  crystal  unit  is  shown  in  Figure 


emax  xLeff 

8-4.  This  plot  gives  the  upper  limit  of  the  ratio  -5 that  can  be  employed. 

■“©max 

In  practice,  because  of  the  presence  of  the  capacitive  7T  network  components, 
smaller  ratios  must  be  used. 


Other  crystal  unit  types  have  essentially  the  same  p 


emax 


characteristic , 


8-5.  Basic  Pierce  Transistor  Oscillators  in  the  0.8  to  2 MC  Range 

The  basic  Pierce  oscillator  circuit  to  be  discussed  is  of  the  form  shown 
in  Figure  8-5.  As  will  be  shown  subsequently,  this  circuit  does  not  lend  itself 
readily  to  relatively  high  power  output  applications,  except  under  conditions  which 
necessitate  exorbitantly  high  amplifier  power  dissipation.  At  low  power  output 
levels, while  the  circuit  power  conversion  efficiency  does  not  improve  greatly,  it 
is  not  usually  then  of  great  importance,  and  the  circuit  simplicity  justifies  the 
use  of  this  oscillator.  In  general,  the  output  power  capability  of  this  oscillator 
is  less  than  0.4  PcyiAX’  w^ere  ^CMAX  rated  crystal  unit  dissipation. 

Relating  this  to  the  crystal  unit  dissipation  rating  given  in  Table  8-1 
shows  that  oscillator  output  powers  in  the  regions  of  4 MW  below  10  MC  and  2 
MW  between  10  and  20  MC  represent  the  upper  limit.  In  many  transistor  oscil- 
lator applications  this  level  of  power  output  is  adequate.  A particular  case  is 
that  of  a mixer  injection  source  in  receivers.  In  this  application  the  signal 


321 


Figure  8-4.  Variation  of With  Frequency  for  a CR-18A/U  Crystal  Unit 

®€max 

frequency  to  be  heterodyned  is  often  fed  to  the  base  of  the  mixer  transistor  and 
the  oscillator  injection  frequency  to  the  emitter  at  a 150-  to  300-MV  RMS  level. 
The  local  oscillator  injection  power  required  to  give  efficient  frequency  conversion 
is  approximately  1 MW,  a power  level  within  the  capability  of  the  basic  Pierce 
oscillator.  This  is  probably  the  greatest  single  application  of  low  power  crystal 
oscillators,  and  the  following  discussion  is  directed  to  this  usage.  It  is  not 
convenient  at  this  point  to  justify  these  statements;  this  is  reserved  for  Para- 
graph 8-14  where  an  illustrative  example  is  given. 

8-6 . Design  Approach 

In  developing  a design  procedure  it  is  necessary  to  know  the  amplifier 
input  and  output  impedance  and  in  particular  the  resistive  components  in  order 
that  the  crystal  n network  loading  can  be  determined.  In  this  circuit  the  crystal 
7T  network  is  a direct  load  on  the  amplifier  output  while  the  amplifier  input  is  a 

direct  load  on  the  TT  network.  Furthermore,  since  crystal  unit  ^ degradation 
considerations  dictate  that  the  oscillator  external  load  Rl  must  be  several  times 
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Figure  8-5.  Basic  Pierce  Oscillator  Circuit 

greater  than  the  input  impedance  of  the  77  network  for  a worst-case  design,  the  77 
network  input  impedance  constitutes  the  major  portion  of  the  amplifier  load. 
Because  of  the  inherent  feedback  within  the  transistor,  the  amplifier  input  imped- 
ance is  extremely  dependent  on  the  amplifier  load  impedance.  Consequently,  the 
amplifier  input  impedance  is  to  a great  extent  a function  of  the  17  network 
characteristics,  which  are  in  turn  determined  by  the  amplifier  input  and  output 
impedances  and  voltage  gain.  The  amplifier  and  feedback  network  characteristics 
are  therefore  closely  interrelated  and  must  be  simultaneously  considered  during 
the  design  process  unless  a degree  of  separation  between  the  operations  of 
amplification  and  feedback  can  be  artificially  introduced.  Both  the  amplifier  and 
77  network  design  equations  are  complex,  and  the  direct  approach  is  unwieldy  in 
all  but  the  simplest  cases.  An  alternative  approach  where,  for  the  purposes  of 
calculation,  a greater  separation  between  the  amplification  and  feedback  func- 
tions is  obtained,  is  desirable. 


323 


It  is  possible  to  achieve  this  by  converting  the  hybrid-^  equivalent 
transistor  circuit  into  the  "true"  77  network  discussed  in  Paragraph  3-25  and 
shown  in  Figure  3-16.  The  equivalent  internal  feedback  elements  Rr  and  Cr  of 
the  transistor  now  appear  between  the  base  and  collector  and  hence  between 
the  77 network  input  and  output  terminals  (see  Figure  8-5).  If  Rr  and  Cr  are  now 
considered  to  be  transferred  to  the  crystal  77  network,  the  amplifier  is  effectively 
unilateralized  and  the  amplifier  input  and  output  impedances  are  no  longer  de- 
pendent on  the  amplifier  load  and  driving  source  impedances,  respectively. 

While  simplifying  the  amplifier  design  approach,  the  transferrence  of 
Cr  and  Rr  complicates  the  crystal  77  network  design  and  it  is  first  necessary  to 
evaluate  the  effect  of  these  additional  components  on  the  performance  of  the  77 
network.  This  is  the  purpose  of  the  following  analysis. 

8-7.  Incorporation  of  Transistor  Feedback  Elements  Cr  and  Rr  into  the 

Crystal  77  Network 

Combining  the  transistor  internal  feedback  elements  Cr  and  Rr  into  the 
crystal  77 network  gives  the  circuit  shown  in  Figure  8-6  (a).  The  purpose  of  this 
analysis  is  to  resolve  the  series -parallel  circuit  shown  in  solid  lines  in  Figure 
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Figure  8-6.  Equivalent  Circuit  of  Cr,  Rr,  and  the  Crystal  77  Network 


8-6  (a)  into  the  series  circuit  shown  in  Figure  8-6  (b).  Re  and  (Xe  - X^)  can 
then  be  compared  with  X'  and  R'e  to  determine  the  changes  incurred  and,  in 
d£_ 


particular,  the 


dX, 


degradation  suffered. 


It  is  first  necessary  to  obtain  an  idea  of  the  relative  magnitudes  of  Xq  , 
Rr,  (Xe  - XCA),  and  Re  so  that  suitable  approximations  can  be  made  in  the 
analysis.  The  characteristics  of  the  CR-18A/U  crystal  unit  are  typical  of  the 
other  types,  and  analyzing  the  effect  for  this  crystal  unit  gives  results  that  are 
applicable  to  the  others.  The  CR-18A/U  crystal  unit  Xe  is  the  reactance  of  a 32 
PF  capacitor  and  varies  from  6250  ohms  at  800  KC  to  250  ohms  at  20  MC.  The 

value  of  Xp0  is  dependent  on  the 

^6  max 

dissipation  and  feedback  network  voltage  attenuation  ratio  together  dictate  small 
XLeff 
R 


emax 


ratio  chosen  for  a design.  Crystal 


ratios  (1  to  3)  at  low  frequencies  and  higher  ratios  {3  to  8)  at  the  higher 


frequencies  of  the  range.  Therefore,  (Xe  - Xq^)  will  normally  be  less  than  3 K 
(approximately  0.5  Xe)  at  800  KC  and  less  than  200  ohms  (approximately  0.8  Xe) 
at  20  MC . At  intermediate  frequencies,  (Xe  - X^)  will  gradually  vary  from 
0.5  Xe  to  0.8  Xe  with  increasing  frequency. 


Remax  varies  from  625  ohms  at  800  KC  to  20  ohms  at  20  MC,  roughly 
following  an  inverse  frequency  relationship  up  to  3 MC  (150  ohms)  and  then  de- 
creasing at  a less  rapid  rate. 


Equation  (3-81)  shows  that  Cr  has  a maximum  value  approximately  equal 
to  Cct/ . Cct) ' has  a value  of  5 PF  or  less  for  transistors  with  fq^s  of  200  MC  or 
greater  and,  therefore,  Xcr  is  at  least  eight  times  greater  than  (Xe  - Xca.). 


The  relative  value  of  R'r  (that  part  of  Rr  due  to  Ccb')  can  be  determined 
by  comparison  with  Xcr-  From  Equations  (3-78  and  (3-81): 


V* 

, , Qoe  i xCcb  • Xc(p) 

Rr 

L ccb' 

xcr 

XCcb 

[1+(X^be)  ] 

Discarding  the  1 in  the  bracketed  numerator  term  of  Equation  (8-2)  since  it  is 
small  compared  with  — — . Xc(P)  gives: 

r2 


Rr  _ xCb'e 

Xcr  ~ r 


(8-3) 


325 


R'r  will  have  its  minimum  value  at  the  highest  frequency.  For  transistors  with 


fTs  greater  than  200  MC, 


XC 


be 


at  20  MC  typically  has  a value  greater  than  1. 


Therefore,  R^  is  equal  to  or  greater  than  at  20  MC  and,  since  Xq^  is  an 


inverse  function  of  frequency,  the  ratio  of 


Rr 

XC. 


•increases  with  decreasing  fre- 


quency, having  a value  of,  say,  25  to  75  at  800  KC. 


Rr,  that  part  of  Rr  due  to  Rpj,  has  a value  of  from  Rp>  to  2Rp)  in  the 
0.8  to  20  MC  frequency  range.  Suitable  emitter  current  levels  for  the  basic 
Pierce  oscillator  circuit  lie  below  10  MA,  and  Rp>  will  then  usually  be  greater 
than  100  K which  is  greater  than  30  times  (Xe  - Xq^)  under  the  worst  condition 
Therefore,  at  low  frequencies  Rr  will  be  approximately  equal  to  R f'r,  while  at 
the  higher  frequencies  R^  will  determine  the  value  of  Rr. 


The  following  relationships  have  been  established: 


(Xe  - Xcg)  < 0.5  Xe  at  800  KC 
(Xe  - Xq)  < 0.8  Xe  at  20  MC 

Xcr  > 8 (Xe  - Xc*)  at  20  MC 
Xcr  > 12  (Xe  - Xq)  at  800  KC 
Rr  > 8 (Xe  - Xq^)  at  20  MC 
Rr  > 30  (Xe  - Xq)  at  800  KC 
20  ohms  2 Rgmax  ^ 625  ohms 


The  analysis  is  given  in  two  parts,  considering  the  effects  of  Cr  and  Rr 
separately. 


8-8,. 

results 


Effect  of  Cr 

Omitting  Rr  from  the  network  shown  in  solid  lines  in  Figure  8-6  (a) 
in  the  following  expression  for  the  impedance  Z'  of  the  network: 


jXcr 

[i-iXe;XC4l 
L Re  J 

te  - XC^-  xcr^ 

‘ \ Re  1 
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(8-5) 


The  real  part  of  Z',  R'  is  then: 


R’e  = 


(XC> 


Rf 


1 + 


,Xe  _ Xct  _ XC  v2 


It  has  been  shown  that  X£r  >>  (Xe  -Xq^)  or  Remax  ■ Therefore: 


R'„  R. 


-V 


Xc  '2 

e - “=\Xe  -Tfcf  - Xcr 
1 


= R 


e 

* XC  ^ / 


(8-6) 


Xe  - Xc» 

Substituting  0. 125  for  — from  the  previously  estimated  relative  values 

XCr 

(worst  case,  20  MC)  gives: 


He  « 1-3  Be  (8-7) 

The  apparent  crystal  equivalent  resistance  is  increased  30  percent  due  to  the 
presence  of  Cr.  At  lower  frequencies  the  effective  increase  in  crystal  equiva- 
lent resistance  will  be  less,  amounting  to  a 14-percent  increase  in  Re  at  800  KC 
for  the  relative  circuit  values  previously  quoted.  However,  these  values  are 
conservative, and  the  effect  is  likely  to  be  smaller  in  practice. 


The  imaginary  part  of  Equation  (8-4)  is: 


X-Cr 

Xe_XC*/  \ 1 
Re2  \XCr+  Xc£  - Xe)  _ 

1 j.  / XCr+  *0.  ~ Xef 

[ \ Re  /. 

(8-8) 


The  unity  terms  in  both  numerator  and  denominator  are  small  relative  to  the 
other  terms  and  can  be  ignored.  Therefore: 


X'  ~ 


For 


Xe  - xCjl 

xcr 


(xe  . Xq) 
xe  - Xcw 

-^r) 


0.125  (worst  case,  20  MC): 


(8-9) 
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X'  « 1.14  (Xe  - X-Cs} 


(8-10) 


That  is,  for  the  assumed  circuit  conditions,  the  effective  reactance  of  (Xg  -XC£) 
is  increased  by  14  percent  due  to  the  presence  of  Cr  . At  lower  frequencies  the 
effect  is  reduced,  amounting  to  an  increase  of  7 percent  in  (Xe  - Xq)  at  800  KC 
for  the  relative  circuit  values  previously  quoted. 


8-9.  Effect  of  Rr 


Omitting  Cr  from  the  network  shown  in  solid  lines  in  Figure  8-6  (a)  gives 
the  following  network  impedance  expression: 


Z' 


Rr  . Re 
= Rr  f He 


/Xe  _ 

i + J(* 

\ Re  + Rr  / 


(8-11) 


The  real  part  of  Z 1 is : 

Rr  . Rp 

R'e  = r-Tr;  * 


But: 


(Xe  - XQ)2  1 
Re  (Re  + pr) 

lt/Xe-xdf  ~ 

VRe  + Rr  I J 


Rr  » Re 


and: 


xe-  Xc 

— — — « 1 

Re  + Rr 


(8-12) 


(8-13) 


(8-14) 


(8-15) 


The  presence  of  Rr  therefore  effectively  increases  the  value  of  Re. 


The  extent  of  this  effect  can  be  illustrated  by  a numerical  example.  For  f - 20  MC, 
XLeff  xe  - Xq£ 

n “ 5,  Remax  = 20  ohms,  and  Rr^  XC  k'  (5  PF)  = 1.6  K,  -p will 

nemax  v „„  CD 

xLeff 


be  greater  than 

Remax 

unit  (Re  - Remax^ : 


'cb  llemax 

having  a value  of, say, 7.  Then,  for  a worst-case  crystal 
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R'  » R 
emax  emax 

d0 


1 + 7 x 


140 


1600 


= 1.6  R 


emax 


This  would  result  in  a degradation  of  38  percent.  The  use  of  lower 

dXg 

ratios  causes  a marked  reduction  in  this  effect. 

The  imaginary  part  of  Equation  (8-11)  is: 

Rr  Rr  • Re  ■> 


(8-16) 

•^Leff 

^eraax 


X'  = (Xe-  XCji) 


Re  * Rr  (Re  + Rr)^ 

l+fX-e  - XggA 

\ Rp  + Rr  / 


(8-17) 


For  the  conditions  given,  X'  can  be  approximated  as: 


Xr  - (X0  - KCS) 


(8-18) 


Therefore,  the  effective  series  reactance  is  unchanged  by  the  presence  of  R2 


Combining  the  effects  of  Cr  and  Rr  gives: 


X' 


R„ 


1 + 


( xe  - Xq,) 

. K, 


,21 


Xe-Xc^2 

xcr  7 


Xe  - XCjt) 
_Xe'  - Xq7 


(8-19) 


(8-20) 


The  effect  of  Cr  and  Rr  on  the  effective  reactance  of  the  mid-section  of 
TT  network  is  relatively  small  and  can  be  accounted  for  by  a small  adjustment  in  the 
value  of  Cq_  . The  effect  of  Cr  and  Rr  on  the  effective  resistance  of  the  mid- section 
of  the  77  network  is  more  severe.  With  the  numerical  values  previously  quoted 
for  a 2N706A  at  20  MC  (the  most  demanding  condition),  R'emax  *s  approximately 
twice  Remax  and  the  77  network  ^7  is  degraded  to  approximately  50  percent  of 

that  of  the  crystal  unit.  As  stated  previously,  the  numerical  values  used  in  this 
calculation  are  extreme,  and  the  degradation  is  not  likely  to  be  quite  so  severe. 
However,  it  is  still  likely  to  be  larger  than  desired,  and  methods  of  minimizing 
the  effect  are  required. 
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Examination  of  Equation  (8-19)shows  that  R'  will  approach  more  closely 
to  Re  as  Rr  and  X^  are  increased.  The  most  obvious  method  is  to  use  a tran- 
sistor with  smaller  values  of  C^'  and  C^’g,  which  will  increase  both  and  Rr 

This  is  only  possible  at  the  present  time  by  using  more  costly  transistors.  An- 
other approach  which  yields  a partial  solution  is  to  use  emitter  degeneration. 

This  will  result  in  an  increase  in  Rr  at  the  higher  frequencies,  causing  a reduc- 
tion in  crystal  loading.  Further  improvement  can  only  be  gained  by  minimizing 
the  term  (Xe  - Xcjj)to  the  greatest  extent  consistent  with  transistor  biasing  con- 
siderations to  be  discussed  later. 


The  voltage  attenuation  ratio  of  the  crystal  tt  network  is  also  affected  by 
the  inclusion  of  Cr  and  Rr  in  the  circuit.  Substituting  for  X^ff  and  Remax  *n 
Equation  (1-84)  in  terms  of  x'  and  Remax  gi-ves  modified  attenuation  ratio: 


xcs 

X'-XCg 


J^.emaa 

X'-XCg 


(8-21) 


8-10.  Calculation  of  Loop  Voltage  Gain 

Using  the  it  equivalent  transistor  circuit  and  transferring  Rr  and  Cr  to 
the  tt network,  the  basic  Pierce  oscillator  circuit  is  as  shown  in  Figure  8-7  (a), 
where  Rin(p)  and  C^p)  are  the  short-circuit  parallel  input  impedance  components 
of  the  transistor  amplifier  including  the  base  biasing  network,  and  C0(p)  and 
Ro(p)  are  the  short-circuit  parallel  output  impedance  components  of  the  transistor 
amplifier.  Replacing  the  current  generator  and  the  parallel  combination  of  Ro(p) 
and  Rl  by  the  equivalent  voltage  generator  and  series  resistance  (Norton's 
Transformation),  incorporating  Rr  and  Cr  into  the  crystal  tt  network  as  detailed 
in  Paragraph  8-7,  and  adding  Cj^p)  and  C0(p)  into  Cg  and  C-p,  respectively, 
gives  the  circuit  of  Figure  8-7  (b).  Figure  8-7  (b)  is  of  the  same  form  as  that 
previously  analyzed  in  Paragraph  1-10  and,  therefore,  the  design  equations  devel- 
oped there  are  applicable  to  the  design  of  the  basic  Pierce  oscillator  provided 
the  effects  of  Rr  and  Cr  are  taken  into  account  using  Equations  (8-19)  and  (8-20) 
and  Rl  and  R0(p)  in  parallel  are  substituted  for  R. 

The  signal  source  voltage  is  now  equal  to  the  output  voltage  of  the 
amplifier  when  loaded  with  Rl,  and  the  design  process  simply  consists  of  equating 
the  amplifier  voltage  gain  to  the  crystal  7T  network  attenuation,  while  satisfying 
the  crystal  loading  conditions.  The  latter  entails  the  determination  of  suitable 
values  for  RL,  Ho(p),  Rin(p),  and  Rr. 

In  this  frequency  range  the  crystal  unit  characteristics  are  such  that  the 
amplifier  voltage  gain  required  is  not  excessive  and  can  be  readily  achieved  even 
when  a large  amount  of  emitter  degeneration  is  employed.  This  is  particularly 
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Figure  8-7.  "Basic"  Pierce  Oscillator  Circuit  Used  for  Loop  Voltage 

Gain  Analysis 

true  since  the  higher  amplifier  voltage  gains  are  required  at  the  low  end  of  the 
frequency  range  where  the  crystal  unit  impedance  is  large  compared  to  the  tran- 
sistor parallel  input  resistance.  The  amplifier  parallel  input  resistance  is  then 
usually  less  than  3.6  Remax  and  ratio  of  Xcg  to  Rin(p)  is  governed  by  phase 
angle  limited  operating  conditions;  that  is,  X^g  equal  to  or  less  than  1/6  Rm(p)> 

It  was  shown  in  Paragraph  3-24  that  the  voltage  gain-parallel  input  resistance 
product  of  a transistor  amplifier  is  practically  constant  independent  of  the  emitter 
degeneration  employed.  Consequently,  the  introduction  of  an  emitter  degenera- 
tion resistor  increases  Rin(p)  to  the  same  extent  that  it  decreases  the  amplifier 
voltage  gain.  Therefore,  provided  Rin(p)  remains  less  than  3.6  Remax,  the 
increase  in  Rin(p)  allows  a similar  increase  in  Xcg  which,  as  shown  by  Equation 
(1-84),  will  result  in  a decrease  of  the  V network  voltage  attenuation  comparable 
to  the  decrease  in  amplifier  voltage  gain. 

At  the  higher  frequencies  of  the  range,  the  crystal  unit  impedance  is  of 
the  same  magnitude  as  the  amplifier  parallel  input  resistance,  and  the  77  network 
attenuation  and  the  amplifier  voltage  gains  required  are  of  the  order  of  10  to  20. 
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Reference  to  the  amplifier  voltage  gain  plots  shown  in  Figure  3-6,  3-7  and  3-8 
shows  that  this  order  of  voltage  gain  can  easily  be  achieved  at  frequencies  in  the 
vicinity  of  20  MC  using  a large  amount  of  emitter  degeneration. 

The  advantages  gained  from  using  emitter  degeneration  are: 

(a)  The  amplifier  voltage  gain  is  made  virtually  independent  of  re  and 

thereby  reducing  the  gain  spread  between  transistors. 

(b)  The  amplifier  characteristics  are  made  less  frequency  dependent 
and  in  particular,  at  all  frequencies  up  to  20  MC  the  low  frequency 
voltage  gain  expression  gives  an  adequate  estimate,  provided  the 
emitter  resistor  is  sufficiently  large. 

(c)  The  amplifier  parallel  output  resistance  is  increased  to  a value 
where  it  can  normally  be  neglected  in  the  design  calculation. 

(d)  The  value  of  Rr  is  increased  at  high  frequencies,  thereby  reducing 
its  v network  loading  effect. 

Suitable  values  for  the  unbypassed  emitter  resistor  appear  to  be  30  ohms 
or  larger.  This  results  in  an  amplifier  voltage  gain  which  is  for  all  practical 
purposes  independent  of  frequency  in  the  0.8  to  20  MC  range  for  the  amplifier 
loads  normally  encountered. 


For  these  conditions,  the  amplifier  voltage  gain  becomes: 


JV 


= G' 


Rb'E 


m 


L RbE  + rbb/ 


a 


re  + rE  + W*1  -ao> 


(8-22) 


and  the  loop  voltage  gain  is: 

GyL  = Gy  • A y (8-23) 

where  Ay  is  given  by  Equation  (8-21). 

Ay  is  almost  directly  proportional  to  Xcg  which  is  in  turn  determined 
by  the  amplifier  input  resistance  by  the  conditions  of  Equations  (1-96)  or  (1-100), 
depending  on  whether  w network  phase  angle  or  crystal  input  loading  conditions 
apply.  In  practice  the  difference  between  Ay  and  Ay  is  small,  and  it  is  con- 
venient to  use  Ay  during  the  preliminary  loop  gain  calculation,  introducing  a cor- 
rection if  necessary  at  a later  stage  of  the  design  to  account  for  the  discrepancy. 
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While  this  approach  is  useful  in  establishing  the  oscillator  loop  voltage 
gain  and  the  crystal  unit  loading,  it  does  not  define  the  circuit  voltage  and  current 
levels.  In  this  circuit,  the  collector  signal  voltage  corresponds  to  V^,  the  voltage 
across  C-p  in  the  analysis  of  Paragraph  1-11,  and  the  permissible  value  of  col- 
lector signal  voltage  VQmax  is  given  by  Equation  (1-113).  This  equation  shows 

V t /"r 

that  for  a given  — - — ratio,  V0max  will  have  its  smallest  value  when  the  pro- 

Remax 

duct  (PcMAX-  Remax)  ^as  its  minimum  value.  In  this  frequency  range  both  the 
crystal  unit  power  dissipation  rating  and  the  maximum  equivalent  resistance 
decrease  with  increasing  frequency,  and  the  most  stringent  conditions  are  placed 
on  the  collector  signal  voltage  at  20  MC. 


For  a CR-18A/U  crystal  unit  at  20  MC,  PcmAX  5 MW  and  Rernax 

20  ohms.  Inserting  these  values  into  Equation  (1-113)  together  with  suitable 

, x ^Leff 
values  of  — gives: 


is 


For 


^emax 

xLeff 

^emax 


= 1, 


V<W  " °'45  VRMS 


For 


xLeff 

Re 


= 3, 


max 


Vr.  = 1 ' VRMS 
umax 


For 


xLeff 

Re 


= 6, 


max 


Vomax  =1-9  ' VRMS 


These  values  show  that  the  allowable  collector  signal  voltage  at  20MCis 
severely  limited.  At  lower  frequencies  the  effect  is  less  severe  since  both 
pQMAXancl  Remax‘  increase.  For  example,  at  800  KC,  PqmAX  is  10  MW  ancl 
Remax  is  625  ohms.  Inserting  these  values  into  Equation  (1-113)  gives: 


For 


For 


XLeff 

Pemax 

XLeff 

Remax 


V-. 


-■max 


3 . 5 VRMS 


v°max  = 5-6  VRMS 


The  collector  current  requirements  are  determined  by  the  collector  load 
impedance.  This  consists  of  Rl  in  parallel  with  the  77  network  input  impedance 
as  viewed  across  Ct*  The  purpose  of  the  following  discussion  is  to  determine 
the  collector  load  impedance  and  the  collector  current  requirements. 
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8-11. 


Behavior  of  R^  and  R^p  as  a Function  of 


R, 


Re 


max 


and 


^Leff 
Re  max 


The  amplifier  resistive  load  R-p  is  the  parallel  combination  of  the  actual 
oscillator  load  Rl  and  the  feedback  network  parallel  input  resistance,  which  is, 
in  this  circuit,  the  crystal  77  network  parallel  input  resistance  R^.  Rj7  is  an  in- 
verse function  of  Re  and  therefore  can  vary  over  a 9-to-l  range  with  the  Re 

spread  likely  to  be  encountered  in  crystal  units,  n network  degradation 

dXe 

considerations  stipulate  that  Rl  will  have  a value  intermediate  between  the  ex- 
treme values  of  R^,  R^mim  and  R^max-  Consequently,  1%  forms  a large  part 
of  Rp  which  will  therefore  also  vary  considerably  with  crystal  interchange. 


If  it  is  assumed  that  Rl  is  much  smaller  than  the  amplifier  output 
resistance  Ro(p)j  the  77  network  input  loading  will  then  be  solely  due  to  Rl  which 
then  replaces  R in  the  analysis  of  Paragraph  1-10  insofar  as  77  network  input 
loading  is  concerned.  Figure  8-8  shows  the  plot  of  — B — which  can  now  be 

Remax 

construed  as  a plot  of  — — — . Therefore,  for  a given  — ratio  it  is 

Remax  Remax 

possible  to  determine  RL)  Rt?  and  the  effective  parallel  input  resistance  of  the 


7T  network  as  seen  across  Cp>,  in  te 
the  equations: 


rms  of  R„ 

emax 


as  a function  of 


— — — from 
Remax 


R77 

^emax 


Re 

Re  max 


1 + 


/ XLeff 
\ Remax 


(8-24) 


(series-to-parallel  transform  of  Xpeff  and  Re) 


and: 


Rl 


R77 


Rr 


Re 


'max 


Re 


'max 


Re 


max 


R, 


Rrr 


(8-25) 


R 


©max 


R, 


emax 


Inserting  numerical  values  of  ^Leff  ancj  assumed  values  of  ^emax 

emax  Re 

These  values  can  then  be  inserted 


R£ 


R 


R 

77 


into  Equation  (8-24)  gives  values  of 

Remax 

into  Equation  (8-25)  together  with  corresponding  values  of  to  give  values 

v Remax 

and  X^ff 


. The  behavior  of  R-p  relative  to 


of  — as  a function  of  — 

Remax  Remax  Remax 

its  minimum  value  RTmim  which  is  the  value  obtained  from  Equation  (8-25)  for 

equal  to  1 for  a given  value  of  XLe^  , can  also  be  obtained  from  these 


Remax 
calculations. 


emax 
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Figure  8-8. 


The  ratio  of 


RT] 


as  a function  of 


R 


mm 


Re 


e X Leff 

using  — 1 as  a para- 


max 


R 


emax 


XTeff 

meter  is  plotted  in  Figure  8-9  which  shows  that  for  all  values  of  greater 

Remax 

than  2,  the  total  oscillator  resistive  load  will  vary  over  a range  of  approximately 
3 to  1 with  the  likely  crystal  unit  Rg  spread  of  9 to  1.  For  lower  values  of 
^Leff 


R 


emax 


the  range  of  variation  of  R-pwill  be  smaller,  having  a range  of  approxi- 


X Leff 

mately  1.9  to  1 for  ^ = 1.  However,  this  ignores  the  effect  of  the  reactive 

Kemax 

component  of  the  v network  input  impedance. 


Figure  8-9. 


Behavio  r of 


RT 

R-r 

■*-min 


as  a Function  of  Rg 
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The  parallel  input  reactance  of  the  n network,  which  is  large  compared 

to  for  ^ ratios  larger  than  2 for  all  values  of  ~'^e—  , becomes  com- 

Remax 

parable  with  for 


Ri 


Xt  eff  Rg 

ratios  much  below  2 as  ^ 

emax  “emax 

XLeff 


emax 


approaches  unity. 


For  example,  for  the  condition  yj = 1,  the  amplifier  total  load  must  have 

■“emax 

a phase  angle  of  -45  degrees  to  compensate  for  the  45-degree  "excess"  phase 
lead  between  n network  input  and  output  voltages  due  to  Remax  • The  magnitude 
of  the  total  amplifier  load  impedance  is,  therefore,  0.7  RTmin  when  Re  equals 
Remaxj  resulting  in  a variation  of  total  load  impedance  magnitude  of  2.6  to  1 

Xt  eff 

with  Re  variation.  For  higher  values  of  p the  77  network  "excess"  phase 

“emax 

lead  is  less,  requiring  a smaller  amplifier  load  phase  angle  and  therefore  a 
smaller  77  network  reactive  component.  The  amplifier  total  load  impedance 

T ■ff 

variation  with  crystal  interchange  for  all  p — - — values  therefore  approaches 

“emax 

a value  of  3 to  1.  This  is  discussed  further  in  Paragraph  8-13  where  its  effect 
on  the  required  transistor  DC  collector  current  is  determined. 


8-12.  Output  Voltage  Limiting 


In  the  oscillator  circuit  in  Figure  8-5  (b)  the  function  of  the  resistor  from 
B+  to  collector  is  to  parallel- feed  power  to  the  collector.  However,  insofar  as 
77  network  loading  is  concerned  it  must  be  regarded  as  part  of  the  oscillator  load 
and  will  consume  a portion  of  the  available  output  power  in  proportion  to  its  size 
relative  to  the  true  load.  Unless  an  abnormally  high  supply  voltage  source  is 
available,  the  supply  of  the  collector-emitter  DC  voltage,  plus  a sufficient 
emitter- ground  voltage  to  give  adequate  operating  point  stability,  generally 
requires  the  feed  resistor  to  be  comparable  with  the  effective  external  oscillator 
load  R^. 


One  effect  of  this  is  the  reduction  in  actual  oscillator  output  power  in- 
curred. In  the  frequency  range  up  to  10  MC  where  10  MW  crystal  units  are 
available, this  is  of  no  consequence  for  the  chosen  application  since  a total  out- 
put power  of  approximately  3 MW  is  obtainable  without  overdriving  the  crystal 
unit.  Upwards  of  2 MW  could  therefore  be  dissipated  in  the  feed  resistor  while 
still  leaving  sufficient  output  power  for  mixer-driver  applications.  Above  10  MC 
crystal  unit  dissipation  rating  is  5 MW,  and  the  possible  output  power  is  then  less 
than  2 MW  for  the  specified  77  network  loading.  The  relationship  between  the 
values  of  feed  resistor  and  Rl  are  then  more  critical  unless  increased  77  network 
loading  is  allowed. 
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Another  effect  which  is  of  possibly  greater  importance  is  the  relatively 
'.'soft"  collector  voltage  limiting  action  obtained  using  a large  parallel-feed  re- 
sistor. Under  large  input  signal  voltage  conditions,  a transistor  amplifier  with 
capacitive  input  circuit  elements  tends  to  reverse- bias  in  a similar  manner  to  a 
vacuum  tube.  The  effect  is  less  severe  than  for  a vacuum  tube,  but  as  the  input 
signal  voltage  increases  some  reduction  in  the  average  DC  collector  current 
occurs,  with  a resulting  increase  in  emitter-collector  voltage  when  a resistive 
feed  is  used.  The  likely  consequence  of  this  action  can  be  obtained  from  consid- 
eration of  the  loop  voltage  gain  change  with  crystal  unit  interchange.  It  was  pre- 
viously shown  that  the  total  amplifier  load  impedance  can  possibly  vary  over  a 
range  of  approximately  3 to  1 with  crystal  unit  interchange.  The  amplifier  volt- 
age gain  is  an  approximately  linear  function  of  the  load  impedance,  while  the 
attenuation  of  the  n network  is  essentially  independent  of  the  value  of  Rg  . Con- 
sequently, a 3-to-l  variation  in  loop  voltage  gain  can  occur  with  crystal  unit 
interchange.  Under  these  conditions,  when  the  emitter- collector  DC  voltage  is 
free  to  vary,  the  limiting  action  will  be  primarily  due  to  current  limiting,  and 
the  peak  output  voltage  wrill  be  approximately  equal  to  the  product  of  the  DC 
collector  current  and  the  total  load  impedance.  Since  the  latter  varies  over  a 
3-to-l  range,  a corresponding  variation  of  oscillator  output  voltage  will  occur. 

This  large  variation  of  oscillator  output  voltage  may  be  permissible  in 
some  applications,  and  it  is  then  feasible  to  employ  resistive  collector  feed. 

For  the  specific  application  considered  here,  this  is  not  the  case.  Experience 
shows  that  a transistor  mixer  operates  best  with  an  injection  signal  of  200  to 
350  MV  and  that  both  mixer  conversion  gain  and  signal-to-noise  performance 
suffer  when  the  injection  signal  falls  outside  these  limits.  The  performance  of 
a basic  Pierce  oscillator  using  resistive  feed  does  not  give  this  level  of  output 
voltage  stability,  and  better  limiting  methods  must  be  used. 

Using  an  inductive  feed  stabilizes  the  collector-emitter  DC  voltage  and 
makes  it  relatively  independent  of  the  base  input  signal  voltage.  This  gives  a 
’hard"  collector  voltage  limiting  action  which,  when  combined  with  current 
limiting,  results  in  a better  oscillator  output  voltage  stability. 

8-13.  Transistor  Collector  Current  Requirements  for  the  Basic  Pierce 

Circuit 

In  setting  up  the  transistor  bias  conditions  the  collector  current  must 
be  sufficiently  large  to  ensure  that  the  collector  signal  voltage  is  voltage -limited 
rather  than  current-limited  when  the  amplifier  total  load  impedance  has  its 
minimum  value.  Otherwise,  with  a poor  crystal  unit  in  circuit,  current  limiting 
will  occur  which  will  then  be  superseded  by  voltage  limiting  when  a better  crystal 
unit  is  employed.  During  this  transition  the  output  voltage  will  increase  more 
than  necessary,  with  a resultant  loss  of  output  voltage  stability.  To  ensure  this 
condition  the  available  collector  current  should  be  sufficient  to  drive  the  minimum 
collector  load  to  be  encountered. 
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XTeff 

For  any  given  value  of  — , the  total  load  impedance  has  its  mini- 

KCniax 

mum  value  when  Re  equals  Remaj,.  The  resistive  component  Rxmin  ^or  a given 

T ££ 

— — - — ratio  can  be  obtained  by  substituting  Remax  ^or  Re  *n  E(luation  (8-24)  to 
emax 


obtain 


^min 

^emax 


and  by  then  substituting 


'emax 


into  Equation  (8-25)  to  obtain 


■5 . The  plot  of  p as  a function  of 

^max  “emax 


xLeff  . . . „ „„ 

p is  given  in  Figure  8-10. 

Remax 


For  ratios  of 


xLeff 

Remax 


greater  than  3,  the  total  load  impedance  is  essentially 

r XLeff  .1 . i j .• i i.  1 * 


Rt  . , but  for  lower  ratios  of  = the  total  load  impedance  must  have  a 

Tmin’  Remax 

relatively  large  parallel  capacitive  reactance  component.  This  capacitive  compo- 
nent is  necessary  in  order  to  give  a phase  lag  of  amplifier  output  voltage  relative 
to  the  amplifier  input  voltage  in  compensation  for  the  "excess"  phase  lead  in  the 
77  network  due  to  Re.  The  excess  phase  lead  in  the  77  network  is: 


0 j = tan 


xLeff 


(8-26) 


Assuming  no  phase  shift  within  the  transistor,  the  phase  angle  of  the  amplifier 
load  must  therefore  be: 

0 = -0i  (8-27) 


, -1  bT 

-tan  — 

&T 


RTmin 


(8-28) 


where  gx  and  bx  are  the  total  load  conductance  and  susceptanee,  respectively, 
and  RTmin  and  Xx  are  the  corresponding  parallel  impedance  components. 

Therefore: 


RTmin 

XT 


“emax 

XLeff 


(8-29) 


The  total  load  impedance  Zx  is  the  parallel  combination  of  Rx  and  Xx-  That  is: 
rr _ RTmin 


1 + j RTmin 


(8-30) 
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TPI072-I07 


f 1 


zTmin  RT 
Figure  8-10.  ttz and 


RT 


mm 


R, 


mm  t-,  , XLeff 

as  Functions  of 


©max 


R 


emax 


R Tmin 

Substituting  from  Equation  (8-29)  for  — — gives: 


Rt- 


min 


Lmin 


1+3 


, Re 


max 


xLeff 


(8-31) 


and  the  magnitude  of  Z«p  . is  then: 


ZT 


mm 


min 
R-p 


min 


1 + 


/ Remax  \ ^ 
\ xLeff  j 


(8-32) 
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Figure  8-10  gives  a plot  of  the  ratio  of  -p— as  a function  of 

KTmin  nt 


which  shows  that 
2 or  less. 


emax 

I XLeff 

ZTminl  falls  substantially  below  RTmjn  for  — ratios  of 


min  R 


emax 


In  setting  up  the  transistor  biasing  conditions,  the  requirement  to  be 
fulfilled  to  ensure  voltage  limiting  under  the  worst  conditions  is: 


ic 


Zt 


mm 


s VCE 


(8-33) 


where  VcE  is  the  transistor  collector  emitter  DC  voltage  and  Ic  is  the  DC  col- 
lector current.  Equation  (8-33)  is  based  on  the  assumption  that  the  negative 
peak  collector  voltage  swing  drives  the  transistor  into  the  saturation  knee . This 
condition  does  occur  and  is  the  means  normally  employed  of  providing  hard 
limiting. 


Since  the  value  off  ZTm-[nI  determines  the  required  transistor  bias  con- 
ditions and  is  therefore  a^esign  factor,  it  is  convenient  to  relate  it  to  Remax' 

Z Tmin 


Multiplying  the  values  of 
rt 


Rt  . 
1min 


values  of  "mm  results  in  the  curve  of 
■^emax 


in  the  plot  of  Figure  8-10  by  the  corresponding 

Ztt 


Lmm 


R 


shown  in  Figure  8-10. 


emax 


8-14.  Basic  Pierce  Oscillator  Power  Output  Limitations 

In  Paragraph  1-16  an  equation  is  developed  for  the  ratio  of  the  oscillator 
output  power  relative  to  the  crystal  unit  rated  dissipation  as  a function  of  the  v 
network  constants  for  the  given  crystal  unit  loading  conditions.  Figure  1-18 
presents  a plot  of  this  equation  as  a function  of  XLeff  which  shows  that  the 

Remax 

oscillator  power  output  can  only  exceed  the  crystal  unit  dissipation  rating  when 
XLeff 

^ is  less  than  1.  However,  it  has  been  shown  in  Paragraph  8-13  that  the 

r<  - 


emax 


XLeff 


R, 


amplifier  load  has  a substantial  parallel  reactive  component  when  the  ratio 

'cmax 

approaches  and  decreases  below  1.  Consequently,  in  the  region  where  high  power 
output  is  obtainable  from  this  circuit,  the  transistor  DC  collector  current  require- 
ment is  increased  in  order  to  provide  the  necessary  signal  current  for  the  reactive 
part  of  the  load. 
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To  illustrate  this,  consider  an  800-KC  design  using  a CR-18A/U  crystal 
unit,  the  characteristics  of  which  are  Pemax  = 625  ohms,  PcMAX  = 10  MW. 

Figure  1-18  shows  that  for  1 = 0.5,  a load -to -crystal  unit  power  dissipa- 

^emax 

tion  ratio  of  11.4  to  1 can  be  attained;  that  is,  an  oscillator  power  output  of  114 

XCt 

MW.  The  corresponding 77  network  ratios  obtained  from  Figure  8-8  are  — — — = 

RL 


0.45  and  ^ = 0.1.  The  collector  signal  voltage  is  obtained  by  substituting 

^max 

into  Equation  (1-113)  as  2.8  VRMS.  The  amplifier  load  impedance  magnitude 
is  obtained  from  Figure  8-10  as  0. 042  Remax!  that  is>  26  ohms.  The  required 

collector  signal  current  is  then  108  MA  RMS,  and  the  required  DC  collector 
current  is  150  MA.  The  collector  DC  voltage  required,  using  choke  feed,  will 
be  approximately  5 VDC,  resulting  in  a transistor  collector  dissipation  of  ap- 
proximately 750  MW. 


When  biasing  and  transistor  temperature  stabilizing  is  accounted  for, 
the  total  oscillator  circuit  dissipation  will  then  be  close  to  1 W,  resulting  in  an 
oscillator  power  efficiency  of  approximately  10  percent.  Much  higher  efficiencies 
under  comparable  operating  conditions  can  be  obtained  using  the  isolating  re- 
sistor Pierce  oscillator  to  be  discussed  later,  and  consequently  the  operation  of 
die  basic  Pierce  circuit  in  this  manner  is  not  recommended. 


The  inefficiency  results  because  of  the  exorbitant  capacitive  current 
required  by  the  77  network,  and  a marked  improvement  occurs  only  when 
Xt  pff 

R ■ is  in  the  vicinity  of  1.  Figure  8-11  shows  that  the  ratio  of  Pl  to  PCMAX 
^max- 
is then  less  than  1,  and  consequently  the  basic  Pierce  oscillator  can  only  be 
employed  efficiently  under  low  output  power  conditions.  This  example  shows 
the  effect  under  the  most  favorable  circumstances.  At  higher  frequencies 
Remax  is  considerably  smaller,  requiring  higher  current,  lower  voltage  condi- 
tions for  high  power  output. 


At  the  higher  frequencies  of  the  range,  the  minimum  usable  value  of 

^ Le  -p_p 

p is  further  limited  by  amplifier  output  voltage  limiting  considerations. 

Remax 

Equation  (1-113)  relates  the  permissible  output  voltage  to  PcMAX)  ^emax>  anc* 
XLeff.  At  a frequency  of  20  MC  the  equivalent  resistance  and  dissipation  rating 
of  a CR-18A/U  crystal  unit  are  20  ohms  and  5 MW,  respectively.  Substituting 
into  Equation  (1-113)  gives: 

X T ,pff 

Vo  = 0.45  VRMS  (0.64  V peak)  for  = 1 

max  ^max 
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Figure  8-11.  Ratio  of  Oscillator  Output  Power  Relative  to  Crystal 
Dissipation  Rating  as  a Function  of  XLeff/Remax 


3 


6 

To  provide  a limiting  action,  the  transistor  DC  collector  emitter  volt- 
es Vqjt  should  be  approximately  equal  to  the  peak  collector  voltage  swing. 

XLeff 

Therefore,  the  use  of  low  ^ ~ ratios  requires  Vce  values  in  the  0.6  to  1.5  V 

cmax 

range.  The  performance  of  high  frequency  transistors  is  degraded  at  low  collector 
emitter  voltage  levels,  Cc^'  increases  and  bp  decreases,  making  this  type  of  oper- 
ation undesirable.  This  tends  to  limit  the  usable  ^ Le^  ratios  to  values  greater 

1(emax 

than  3,  corresponding  to  power  outputs  of  approximately  1/3  P^max  • 

8-15.  DESIGN  PROCEDURE  FOR  BASIC  PIERCE  OSCILLATOR 

The  preceding  discussion  gives  all  the  information  required  to  assemble 
a design  procedure  for  this  type  of  oscillator.  The  choice  of  circuit  values  in 
any  particular  application  depends  on  such  things  as  the  available  DC  voltage  and 


VOmax  = 1 VRMS  (x-4  v Peak)  for 


lemax 


V0max  = 1.9  VRMS  (2.7  V peak)  for  ^Leff 


'emax 
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current,  and  the  transistor  type.  In  order  to  optimize  the  design  it  is  therefore 


^emax 


application.  Once  this  selection  is  made,  a series  of  calculations  then  leads  to 
a final  design. 

One  of  the  basic  assumptions  used  in  the  design  procedure  is  that  emitter 
degeneration  will  be  employed  because  of  the  advantages  previously  noted.  The 
minimum  value  of  the  unbypassed  emitter  resistor  should  not  be  less  than  20  or 
30  ohms  for  best  results. 

Step  1 


Determine  the  crystal  unit  power  rating,  maximum  equivalent  resistance, 
and  Xe  (the  crystal  loading  capacitor  reactance  Xq^)  from  the  crystal  unit  data 
sheet.  Using  the  three  succeeding  design  examples  as  a guide  to  the  range  of 
X 

values  of  -r likely  to  be  most  applicable  at  various  frequencies  in  the  range, 

ne  max 

tabulate  the  following  7Tnetwork  and  amplifier  characteristics  for  various  values 

r XLeff 
of  p : 

neraax 


(a)  — ; obtained  from  the  plot  of  p — in  Figure  8-8. 

Remax  Kemax 

RL 

(b)  Rl  ; obtained  from  — by  substituting  for  Remax* 

"emax 

(c)  ; obtained  from  Figure  8-8. 

(d)  Rxmin  ’ obtained  from  Figure  8-10  and  the  known  value  of  Remax. 

(e)  | Zrpminj  > obtained  from  Figure  8-10  and  the  known  value  of 
Remax  * 

(f)  V _ RMS;  obtained  by  applying  Equation  (1-113). 

OIIjcla. 

(g)  VQraax  (Peak);  Vomax  RMS  multiplied  by  1 . 41 . This  represents 
the  maximum  collector-emitter  voltage  that  can  be  used. 

<h)  rC  ’ Vomax<Peak>  divided  by  I ZTmin|. 


Step  2 


Decide  the  transitor  type  to  be  used.  Any  transistor  with  an  fx  greater 
than  10  times  the  design  frequency  and  a power  rating  at  the  maximum  operating 
temperature  of, say,  50  MW  can  be  used.  In  the  three  succeeding  design  examples, 
the  2N706A  has  been  used  on  the  grounds  that  it  is  one  of  the  least  costly  transis- 
tors available  at  this  time. 

From  the  manufacturer's  data  sheet,  determine  and  tabulate  the  follow- 
ing transistor  characteristics  at  the  collector  current  and  Vce  values  arrived 
at  in  Step  1. 

(a)  hFEmin 


Most  manufacturers  give  a guaranteed  minimum  common  emitter 
current  gain  at  25° C at  a particular  collector  current  and  voltage.  In 
addition,  the  data  sheet  usually  contains  curves  of  the  variation  of  typical 
hpE  with  collector  current  and  temperature.  It  is  usually  necessary  to 
estimate  hpEmin  from  the  25°C  curve,  taking  into  consideration  the 
relative  values  of  the  quoted  minimum  and  typical  values. 

(b)  fx  (typical) 

Most  data  sheets  give  curves  of  constant  fx  with  Vce  and  Ic  variaion. 
In  some  cases  these  do  not  cover  operation  at  sufficiently  low  Vce  and 
Ic  values,  and  extrapolation  may  again  be  necessary. 


(c)  BVceO 

Any  values  of  Vomax  (peak)  obtained  in  Step  1 which  are  larger  than 
0.5  BVCEO  cannot  be  used  because  of  the  possibility  of  voltage  break- 
down on  the  positive  peak  of  the  collector  voltage  swing. 

(d)  Ccb' 


The  data  sheet  usually  contains  a plot  of  Cob  versus  collector-base 
voltage.  The  direct  capacitance  Ccb  between  collector  and  base  forms 
a part  of  C0b>  and  Ccb  is  approximately  1 PF  less  than  Cob- 

(e)  rbb' 

In  the  absence  of  specific  information,  assume  a value  of  60  ohms. 


Step  3 


Calculate  and  tabulate : 

The  amplifier  voltage  gain  is: 

r ao  ‘ RL 

V re  + rE  + rbb(l  _0!o) 


(8-34) 


UbE  = (1+ hFEmin)  (re  + rE) 


(8-35) 
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where: 


_ 25 

re  Ie  (MA) 


+ r' 


(8-36) 


In  the  absence  of  more  specific  information,  assume  r'  to  be  1 ohm. 
The  amplifier  parallel  input  resistance  is: 

^in(p)  " (rbb  + %'e) 

For 


(8-37) 


in.(Pi_  <3.6,  calculate: 


emax 


For 


= jginjsi 

XCS 


(8-38) 


in(P.l_  > 3.6,  calculate: 


emax 


XCn  yo.  1 Re  max  • ^ 


in(p) 


(8-39) 


The  crystal  7T  network  attenuation  is: 


X, 


Axr  “ 


V " KA  . X 


Leff 


(8-40) 


where 


K = 1 + 


. ^emax 


Xr.  X 


Leff 


(8-41) 


For  the  given  crystal  loading  conditions,  is  plotted  in  Figure  8-8  as  a 


function  of  - . 


R 


emax 


Calculate  the  loop  voltage  gain: 
GV  * AV 
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Step  4 


^ T 

On  the  basis  of  the  tabulated  data,  select  a suitable  -5 — - — ratio  for 

rip  max 


'eraax 

the  design.  Selection  should  be  based  on  the  following  considerations: 


(a)  The  loop  voltage  gain  calculated  in  Step  3 must  be  at  least  1.3  and 
preferably  greater,  particularly  at  frequencies  above  5 or  10  MC 
where  the  transistor  amplifier  voltage  gain  may  begin  to  fall,  caus- 
ing a reduction  in  the  loop  voltage  gain  below  that  estimated.  The 
experimentally  derived  curves  of  Figures  3-6,  3-7,  and  3-8  indi- 
cate the  extent  of  this  effect,  for  several  types  of  transistors.  An 
excessive  loop  voltage  can  be  ignored  at  this  point,  since  corrective 
measures  can  be  employed  later. 


(b)  The  collector  signal  voltage  will  be  limited  by  the  available  supply 
voltage  Vcc,  the  transistor  BVcEO>  or  by  V0max>  the  permissible 
n network  input  voltage.  At  low  frequencies,  either  or  both  Vcc  and 
BVCEO  will  usually  determine  the  maximum  collector  signal  volt- 
age. At  high  frequencies,  VQmax  will  probably  be  the  limiting  factor. 


output  power  is  desired,  the  selected 


In  the  first  case  it  should  be  noted  that,  if  the  maximum  oscillator 

X Leff 

~ ratio  should  be  such 

-“emax 

as  to  give  a Vomax  only  slightly  greater  than  the  allowable  collector 
signal  voltage  determined  by  supply  voltage  or  BVqeq  considerations. 
Otherwise  the  oscillator  power  output  will  be  less  than  that  available 
from  this  circuit.  This  is  because  the  crystal  unit  power  dissipation 
will  be  less  than  PcMAX»  and3  since  n network  loading  considerations 
dictate  the  ratio  of  the  output  power  to  the  crystal  dissipation,  the 
output  power  will  be  correspondingly  reduced. 


Step  5 


(c)  The  total  current  drain  of  the  circuit  decreases  with  increasing 
xLeff 


R 


ratio.  In  many  applications  it  may  be  desirable  to  minimize  the 


emax 


X 


Leff 


R 


as 


oscillator  supply  power  by  operating  with  as  high  a ratio  of 

- ‘‘emax 

possible  compatible  with  (a)  and  (b),  and  the  loading  effect  of  Rr,  the 

resistance  effectively  placed  across  the  v network  mid-section  by  the 

XLeff 

transistor  internal  feedback,  which  tends  to  increase  with  -5 . 

■“emax 


Calculate  and  tabulate: 
1 


cb'E  - 


WT  (re  + rE} 


(8-42) 
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1 


y r 

Cb  E 


ojC 


b E 


= Rb'E  • rbb' 
~ Rb'E  + rbb 


cL 

(°r  • xe) 

L’b  E 


(8 

(8 


X 


Cb  E 


R 


b E • r 


(XCbE)2 

Rin(p)  “ (rbb'  ~ Rb*E^ 


1 + 


VxCb 


4 

El 


1 + 


Rb-E  • ^ 
^XCbE^2 


X 


X 


Ccb  cc  (Cob  - 1) 
1 


(or 
TT  (or 


Cr 


' XJ 


C(p)  - CO  (Cb’E  + Ccb')  ^(Cb'E  + Ccb’>  e 


(8- 


(8- 


(8- 


XC(p) 

C 


r 

rbb' 


'cb 


1 + 


XC(p)J 


(8- 


X 


cr  (Cr  + 1) 


(or  (Cr  + 1)  ' Xe) 


(8- 


(hpE  times  the  slope  of  the  collector  characteristics 
af  the  given  working  point) 


Rr  = R 


D ’ 


bb 


1 + 


Ob  E( 


in  parallel  with 


-43) 

44) 


■45) 

■46) 

■47) 

■48) 

■49) 
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’ CbE  XCcb  • XC(p) 

1 ^7 


R 


rbb' 

RD  • (rE  + re) 


(8-50) 


o(p) 


ao  r 


in  parallel  with 


<re  + rE> 

a 


1 + + XCcb ' • ^(p) 

Ccb'  r2 


(8-51) 


= V~  r 

MP)  re  + r£ 


Ccb’ 


1 +l ....  r_\2 


■XC(p)  / 


(8-52) 


Compare  RQ^  with  . If  RQ(p)  is  less  than,  say,  5 Rl,  Re  should  be  increased  to 
maintain  the  network  loading  conditions  in  accord  with  the  design.  The  new  value 
of  Rl  is  given  by: 


R (new)  = 
L 


Ro(p)  * RL 
Ro(P)  - RL  <old> 


(8-53) 


Calculate  the  transistor  base  bias  resistor  values  using  either  the  method  given 
in  Paragraph  3-26  or  any  other  preferred  method.  From  the  values  of  the 
biasing  resistors  obtained,  calculate: 

Rbp  . Rb2 

t V>  ‘ v\  ' (8‘54) 

Calculate  the  combined  input  resistance  of  R.  , . and  R,  , . in  parallel  from 
Equation  (8-55):  1 


= Rb(p)  • Rin(p) 

in(P)  Rb(P)  + Rin(p) 


(8-55) 


If  the  decrease  in  amplifier  input  resistance  is  significant  (say  more  than  10 
percent),  a loop  gain  adjustment  should  be  made.  If  the  77  network  output  is 
phase  angle  limited,  the  loop  gain  is  reduced  in  the  ratio  of  R1  to  Rin(p)  • 
If  the  rr  network  is  operating  under  output  loading  limited  conditions,  the  loop 
gain  is  reduced  as  the  square  root  of  the  ratio  of  R"in(p)  to  Rin(p)  ■ 


\ 
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Before  determining  the  effect  of  Cr  and  Rr  on  the  tt  network,  it  is  first 
necessary  to  finalize  the  loop  gain.  Loop  voltage  gains  greater  than  2 for  the  worst- 
case  design  are  undesirable  because  of  the  possibility  of  squegging  occurring  when 
the  loop  gain  increases,  as  will  happen  when  a good  crystal  unit  is  in  circuit. 

Often,  the  available  loop  gain  will  be  larger  than  2 after  the  foregoing  corrections 
have  been  made.  The  loop  voltage  gain  is  proportional  to  X^,  and  a convenient 
method  of  reducing  the  loop  voltage  gain  is  to  decrease  Xcg  below  the  value 
stipulated  by  amplifier  input  resistance  considerations.  To  reduce  the  loop  volt- 
age gain,  calculate: 

Gy  (desired) 

X'cg  “ XCg  ’ Gy^  (calculated)  (8-56) 

To  determine  the  effect  of  Cr  and  Rr  on  the  feedback  network,  calculate: 

- XLeff  + X'Cs  (8-57) 


where  is  the  value  finally  selected. 


R 


? ■ 

emax 


xe 

1 + e 


R R 
r ‘ emax 


1 - 


Xe  - Xc  n 

xCr 


emax 


X' 


Xe  - XCjL 

Xc 

^r 


X'  - X'Cs 

x'  ~ xcs 

R' 

1 emax 


(8-58) 


(8-59) 


The  V network  attenuation  is  now: 


X'CS 

X'  - x-cs 


1 


R 1 
e max 

■ X1  - X ' 
u s 


(8-60) 
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where 


XCy 


is  given  in  Figure  8-8  for  the  stipulated  value  of 


xLeff 
Remax  ’ 


Compare  A'y  with  Ay 


xc; 

XCc 


. If  the  difference  between  A 'y  and 


“■C's 

is  less  than  10  percent,  the  effect  on  the  loop  voltage  gain  will  be 


V ' xcs 

small  and  can  be  neglected.  If  not,  the  value  of  (X£’g)  should  be  adjusted  and 


RTemax,  X' , and  A'y^,  recalculated  until  this  order  of  agreement  is  obtained. 
It  is  desirable  that  the  value  of  X£g  finally  arrived  at  should  not  exceed  that 
calculated  in  Step  3 on  the  basis  of  crystal  loading  considerations. 


Step  6 


Calculation  of  remaining  component  values, 
(a)  7t  Network  Components 


The  amplifier  input  capacitance  is  approximately: 


(8-61) 


^inlp)  ^b'E 


( Rb'E  f 

W’e  + >W' 


(8-62) 


Cg  (physical)'  = Cg  - Cin(p) 


(8-63) 


Xe  ' XLeff  “ 


(8-64) 


*c, 


x 


xCLI« 


is  obtained  from  the  curve  of 


R 


emax 


for  the  known  value  of  R,  (R^ 


(8-65) 

T 

— plotted  in  Figure  8-8  at  the  appropriate 
or  R-^  and  R0(p)  in  parallel). 


(8-66) 
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is  the  net  it  network  input  capacitance, and  allowance  must  be  made  for  the 
amplifier  output  capacitance  C0(p)  and  for  tuning  out  the  parallel  feed  inductor. 
A suitable  value  of  inductance  is  chosen  for  the  collector  circuit. 

Calculate  its  reactance  XA  . Determine  the  capacitance  CA  that  will 
resonate  with  L at  the  design  frequency. 


(8-67) 


Then  CT  (physical)  = Ct  + CA_Co(p) 


(8-68) 


(b)  Emitter  Circuit  Components 


The  total  resistance  required  in  the  emitter  circuit  is  given  by: 


RE  + rE 


Vbg-0.7 


(8-69) 


If  r^  is  significant,  subtract  to  find  R^.  The  emitter  decoupling 
capacitor  value  is  determined  as  follows:  The  amplifier  input  impedance 
as  seen  at  the  emitter  decoupling  point  will  have  a minimum  value  of 
re  + rE  . ensure  adequate  decoupling  and  to  minimize  possible  phase 
errors,  it  is  desirable  that  the  reactance  Xq^  ern^ter  decoupling 

capacitor  should  not  be  greater  than  one-tenth  the  value  of  the  parallel 
combination  of  re  + rE  and  RE  ; that  is: 


X, 


'E 


■E>  RE 


10f re  + rE 


+ Rt 


(8-70) 


and 


X 

C = — - 
E Xr 


x Cn 


(8-71) 
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8-16.  DESIGN  EXAMPLES 

The  following  design  calculations  illustrate  the  application  of  the  design 
procedure.  Evaluation  data  for  these  designs  are  presented  at  the  end  of  each 
example.  In  these  evaluations  the  effects  of  changing  crystal  units  and  transis- 
tors on  the  collector  signal  voltage  and  oscillator  frequency  were  determined. 
One  crystal  unit  was  made  representative  of  a "worst  case"  unit  by  including 
sufficient  resistance  in  series  with  it  to  make  its  equivalent  resistance  equal  to 
Remax'  All  test  data,  with  the  exception  of  those  for  crystal  unit  interchange, 
was  obtained  using  this  "worst  case"  crystal  unit. 

Temperature  tests  were  made  in  two  ways.  Firstly,  the  entire  oscil- 
lator was  subjected  to  the  range  of  temperature.  Secondly,  the  crystal  unit  was 
enclosed  within  a crystal  unit  oven  maintained  at  105°C,  and  the  remainder  of 
the  oscillator  circuit  was  subjected  to  the  range  of  temperature.  The  oscillator 
frequency  variations  obtained  in  the  latter  test  are  primarily  due  to  phase  angle 
changes  in  the  circuit  other  than  the  crystal,  and  the  results  indicate  how  much 
wider  the  oscillator  frequency  tolerance  will  be  compared  to  the  crystal  unit 
frequency  tolerance.  The  former  test  results  mainly  indicate  the  temperature 
characteristic  of  the  particular  crystal  unit  used  in  the  tests  and  the  temperature 
stability  of  the  oscillator  output  voltage. 

Judging  by  the  results  obtained,  oscillator  frequency  stabilities  of  10  to 
15  PPM  wider  than  that  of  the  crystal  alone  will  be  obtained  in  situations  where 
a large  number  of  similar  oscillators  are  involved  under  conditions  where  tran- 
sistor and  crystal  unit  changes  will  be  made  without  oscillator  frequency  re- 
setting. This  will  decrease  to  approximately  ±3  PPM  when  frequency  resetting 
is  allowed. 
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8-17.  800  KC,  2N706A  Basic  Pierce  Oscillator 

' Crystal  Characteristics:  CR-18A/U. 

X = 6250  ohms 
e 

Remax  = 625  ohms 

PCMAX  = 10  MW 

Network  Characteristics: 


XLeff 

xLeff 

rl 

rl 

ka 

pTmin 

1 ztI 

V 

omax 

V 

omax 

Bemax 

(ohms) 

Remax 

(K) 

— 

(ohms) 

(K) 

(RMS) 

peak 

1 , 

625 

2.7 

1.7 

4.7 

750 

0.53 

3.5 

5 

1.5 

937 

6.5 

4.1 

4.4 

1300 

1.  1 

4.5 

6.3 

2 

1250 

12.3 

7.7 

4.3 

2100 

1.9 

5.6 

7.9 

Transistor  Characteristics: 


XLeff  JC  fT  Ccb'  re 


^emax 

(MA) 

VCE  h 

FEmin  (MC) 

BVCEO 

(PF) 

(ohms) 

rbb' 

1 

10 

4.5 

20  300 

15 

4 

2.  5 

60 

1.5 

6 

6 

15  300 

15 

4 

4.3 

60 

2 

4 

7.5 

14  250 

15 

3 

6.2 

60 

Loop  Gain  (r 

g = 30  ohms): 

XLeff 

T5 

emax 

Gy 

RbE 

(ohms) 

. Approx. 

Rin(p) 
(ohms) 

R.  . . 
emax 

xr 

LS 

(ohms) 

V 

gvl 

i 

45.  5 

680 

740 

1.  2 

123 

0.042 

1.9 

1.5 

100 

550 

610 

0.98 

102 

0.025 

2.5 

2 

178 

540 

600 

0.96 

100 

0.019 

3.4 
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The  working  point  is  selected  at  - = 2 , VGE  = 7 V,  IE  = 4 MA 


Cb’E. 

(PF) 

XCbE 

(K) 

r 

(ohms) 

Remax 

r Rb  E ■ r 

i-j  • xj 

xCcb' 

Rin(p)  <K> 

*C(p) 

(K) 

r 

XCb  'E 

!< Xcb'E ? 

XC(P) 

12 

17 

54 

0.003 

» 0 

600  67 

13.5 

0.004 

C 

r 

xc 

r 

rD 

Rr 

R . . 
o(p) 

Co(p) 

(PF) 

(K) 

(K) 

(K) 

(K) 

(PF) 

2.7 

74 

160 

180 

115 

4 

Bias  Network  Values: 


For  a 15-V  supply  and  VGE  = 7 V,  VEG  ^ 8.7,  a AVBG  of  1 V requires: 


R.  , = 7.5  K 

bl 


Rb2=14  K 


Rb(P)  = 4‘9K 
R,'in(p)  = 530  ohms 

Loop  gain  reduction  required,  so  no  action  taken. 

Reducing  loop  voltage  gain  to  2: 

X'p  =59  ohms 
CS 

Xe  - Xc^  = 1309  ohms 

R1  = 625  ohms 

emax 

X'  = 1309  ohms 


Cr  and  Rr  have  negligible  effect  on  the  v network  attenuation. 


Calculation  of  Remaining  Components: 


10  PF 


Cin(p) 

Cg  (physical)  = 3400  PF 

= 4940  ohms 
CL  = 41  PF 

= 1150  ohms 

V 

CT  = 174  PF 


In  this  design  a tunable  inductor  was  used: 


X, 


Cj  (physical) 


R 


E 


X, 


'E 


500  UH 

2.5  K 
80  PF 
250  PF 
2 K 

3 . 6 ohm  s 
0.05  UF 


DESIGN  EVALUATION  DATA 
0.8  MC  BASIC  PIERCE  OSCILLATOR  (2N706A) 
(All  results  obtained  using  limit  crystal) 


Crystal  Units 
(CR-18A/U) 

Parallel  Resonant 
Frequency  (MC) 

Re 

(Ohms) 

1 

0. 799993 

570 

2 

0.799998 

590 

3 

0.800006 

560 

4 

0.799999 

630 
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DESIGN  EVALUATION  DATA 
0.8  MC  BASIC  PIERCE  OSCILLATOR  (2N706A)  (CONT) 


+ I5VDC 


Schematic  Diagram 


Effects  of 

Change 

+ 15%  B+  Change  on 
Oscillator 

Frequency 

V0 

< 1 PPM 
AV0  = +17% 

-20%  B+  Change  on 
Oscillator 

Frequency 

vo 

< 1 PPM 
AV0  = -18% 

±10%  Change  in  RL 
on  Oscillator 

Frequency 

v0 

< 1 PPM 
AV0  = ±3% 

-55  C to  +105  C 
Change  in  Ta  on 
Oscillator 

Frequency 

Vo 

±14  PPM 
AVq  - ±10% 

Contribution  of 
Oscillator  Circuit  to 
Frequency  Deviations  in 
Temperature  Test 

< ±2  PPM 

Transistor  Interchange 
(8  transistors) 

Frequency 

v0 

< 1 PPM 

AV0  < ±1% 

Crystal  Unit  Interchange 
(No  Tuning) 

Frequency 
Mis  correlation 

v0 

±10  PPM 
AV0  = ±5% 
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5 MC,  2N706A  Basic  Pierce  Oscillator 

Crystal  Characteristics:  CR-18A/U 

Xe  = 1000  ohms 

Remax  = 60  ohms 

PCMAX  = 10  MW 


77  Network  Characteristics: 


XLeff 

xLeff 

rl 

RL  kA 

RTmin 

ZT 

V 

omax 

V 

omax 

Remax 

(ohms) 

Remax 

(ohms) 

(K) 

(RMS) 

peak 

3 

180 

28 

1.7  4.2 

.440  0.42  2 

.45 

3.5 

5 

300 

79 

4.7  4.1 

1180  : 

1.2 

4 

5.6 

Transistor  Characteristics: 

XLeff 

JC 

fT 

re 

Remax 

(MA) 

VCE 

hFEmin  (MC> 

bvceo 

Gcb' 

(ohms)  rbb' 

3 

9 

3 

20  300 

15 

5 

2.8 

60 

5 

5 

5 

15  300 

15 

4 

5 

60 

Loop  Gain  (r 

e = 30 

ohms) : 

XLeff 

Rb'E 

ID 

Approx.  in(p) 

Xr 

cs  - 

emax 

GV 

(ohms) 

R.  , . (ohms) 

in(p)  emax  v ' 

AV 

gvl 

3 

45 

690 

750 

12.5 

67 

0.089 

4 

5 

112 

560 

620 

10 

61 

0.05 

5.6 

X j p ff 

The  working  point  was  selected  at  = 

■“emax 

5>  VCE 

= 5 V,  I 

c = 5 MA 

cb'E  xCb'E 

r 

r 

Rb’E  • r Rin(p)  XCcb 

^(p) 

r 

Cr 

(PF)  (K) 

(ohms) 

XCbE 

(XCbTE^  (°hms)  (K) 

(ohms) 

*C(p) 

(PF)  (K) 

15  2.1 

54 

0.026 

0.007  620  8 

1700 

0.032 

3.5  9.2 
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Ru  Rr  R0(p)  Co(p) 
(K)  (K)  JK)_  (PF) 


240  140  85  6 


Bias  Network  Values: 

For  a 15- V supply  and  V^e  = 5 V,  VgQ  « 10.7,  a Z*V£q  of  1 V requires: 


R.  , = 5.6  K 
bl 

Rb2  = 22  K 


Rb(p) 


4.5  K 


R"in(p)  = 550  ohms 

Reducing  the  loop  gain  to  2 gives: 
X'^g  = 22  ohms 
Xe  - Xq^  = 320  ohms 

R'emax  = 60  ohms 
XT  = 330  ohms 


Cr  and  R^,  have  negligible  effect  on  the  n network  attenuation. 
Calculation  of  Remaining  Components 


XA 


C 


A 


CT  (physical) 


1450  PF 
12  PF 

680  ohms 
47  PF 
300  ohms 
107  PF 
10  UH 
314  ohms 

100  PF 

200  PF 
2 K 

3.5  ohms 
0.01  UH 
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DESIGN  EVALUATION  DATA 
5 MC  BASIC  PIERCE  OSCILLATOR  (2N706A) 
(All  results  obtained  using  limit  crystal) 


Crystal  Units 

Parallel  Resonant 

Re 

(CR-18A/U) 

Frequency  (MC) 

(Ohms) 

1 

4.999956 

16 

2 

4.999924 

15 

3 

4.999973 

24 

4 

4.999952 

60 

+ I5VDC 


Figure 8-13.  5 MC  Basic  Pierce  Oscillator  Circuit  (2N706A), 

Schematic  Diagram 


DESIGN  EVALUATION  DATA 

5-MC  BASIC  PIERCE  OSCILLATOR  CIRCUIT  (2N706A)  (CONT) 


Effects  of 

Change 

+ 15%  B+  Change  on 
Oscillator 

Frequency 

Vo 

< 1 PPM 
£V0  = +15% 

-20%  B+  Change  on 
Oscillator 

Frequency 

v0 

< 1 PPM 
AV0  = -20% 

±10%  Change  in  R^ 
on  Oscillator 

Frequency 

Vo 

< ±1  PPM 
AV0  = ±6% 

-55° C to  +105°C 
Change  in  Ta  on 
Oscillator 

Frequency 

Vo 

±12  PPM 

Av0  - ±10% 

Contribution  of 
Oscillator  Circuit  to 
Frequency  Deviations  in 
Temperature  Test 

< ±2  PPM 

Transistor  Interchange 
(8  Transistors) 

Frequency 

Vo 

±1  PPM 
AV0  = ±2% 

Crystal  Unit  Interchange 
(No  Tuning) 

Frequency 

v0 

— 
±1  PPM 
AV0  = ±16% 

- - 
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20  MC,  2N706A  Basic  Pierce  Oscillator 
Crystal  Characteristics:  CR-18A/U 

Xe  = 250  ohms 

Remax  = 20  ohms 

P€MAX  ' 5 MW 


Network  Characteristics: 


XLeff 

XLeff 

rl 

rl 

RTmin 

1 1 

V 

omax 

V 

omax 

Remax 

(ohms) 

Remax 

(ohms) 

(ohms) 

(ohms) 

(RMS) 

peak 

3 

60 

28 

560 

4.2 

148 

140 

1 

1.4 

6 

120 

110 

2200 

4.1 

550 

550 

1.9 

2.7 

Transistor  Characteristics: 


XLeff  *C 

fT 

C , r r 

cb  e 

r ' 

rbb 

Remax  (MA) 

VCE 

^FEmin 

(MC) 

(PF)  (ohms) 

(ohms) 

3 10 

1.3 

20 

250 

4 2.5 

60 

6 5 

2.5 

15 

250 

4 5 

60 

Loop  Gain  (r£  = 30  ohms): 

XLeff 

Rb'E 

Approx. 

Km(p) 

R.  . . 

xc 

Remax  GV 

(ohms) 

(ohms) 

R 

emax 

(ohms)  Ay. 

gvl 

3 15 

680 

740 

37 

38  0.15 

2.3 

6 52 

560 

620 

30 

35  0.071  3.7 

XLeff 

The  working  point  is  chosen  at  „ 

Bemax 

- 6. 

Cb’E  -^b'E 

r 

r 

R 1 r 

D E * r 

R.  . , ' 

in(p)  Ccb 

^(p) 

(PF)  (ohms) 

(ohms) 

XCbE 

(XCb’E)* 

(ohms)  (K) 

(ohms) 

18  445 

55 

0.12 

0.15 

535  2 

360 

362 


r 

Cr  XCr 

RD  Rr 

Ro(p) 

Co(p) 

XC(P) 

(PF)  (K) 

(K)  (K) 

(K) 

(PF) 

0.15 

3.6  1.7 

240  14 

9.3 

6 

R0(  j is  equal  to  4.2  RB  and  R^ 

should  be  increased 

accordingly. 

However,  the 

oscillator  power  output  capability  is  already  low,  and  it  was  considered  desirable 
to  let  R^  remain  at  2.2  K and  accept  the  increased  crystal  loading. 

Calculation  of  Base  Network  Values: 

Using  a 10- V supply  and  VCE  = 2.5  V,  VBG  « 8 V.  Then  a AVBG  of  less  than 
0.2  V will  occur  for: 


Rbl 

= 4.3  K 

Rb2 

= 51  K 

giving: 

R,  . 

= 4 K 

b(p) 

R1  1 

R in(p) 

= 475  ohms 

This  increased  loading  will  automatically  be  remedied  in  reducing  the  excess 
loop  gain. 

Loop  gain  reduction  to  1.6 

X'p,  = 15  ohms 
LS 

Then: 


Xe 

= 135  ohms 

R 

f 

= 20  ohms 

emax 

X' 

= 147  ohms 

X’  - 

X' 

= 132  ohms 

cs 

A'v 

= 0.03 

x’cs 

AV  • 

= 0.031 

Difference  is  less  than  10  percent. 
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Calculation  of  Remaining  Component  Values: 


cs 

— 

530  PF 

Cin(p) 

= 

15  PF 

Cg  (physical) 

'"S-' 

520  PF 

Xci 

- 

115  ohms 

CJ 

= 

70  PF 

xcT 

= 

117  ohms 

Crp 

= 

68  PF 

L 

= 

6 UH 

XA 

= 

750  ohms 

CA 

= 

11  PF 

CT  (physical) 

70  PF 

rE 

= 

1.5  K 

xc 

le 

= 

3.5  ohms 

CE 

= 

2200  PF 
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■ DESIGN  EVALUATION  DATA 
20  MC  BASIC  PIERCE  OSCILLATOR  (2N706A) 
(All  results  obtained  using  limit  crystal) 


Crystal  Units 
(CR-18A/U) 


r> 

Parallel  Resonant  e 

Frequency  (MC)  (Ohms) 


1 

2 

3 

4 

5 


20.000270  7 
20.000600  8 
20.000400  7 
20.000200  8 
20.000000  20 


Figure  8-14,  20- MC  Basic  Pierce  Oscillator  Circuit  (2N706A), 

Schematic  Diagram 


DESIGN  EVALUATION  DATA 
20  MC  BASIC  PIERCE  OSCILLATOR  (2N.706A)  (Cont) 


Effects  of 

Change 

+ 15%  B+  Change  on 
Oscillator 

Frequency 

Vo 

< 1 PPM 
4V0  = +15% 

-20%  B+  Change  on 
Oscillator 

Frequency 

V0 

< 1 PPM 

AV0  = -23% 

±10%  Change  in  R^ 
on  Oscillator 

Frequency 

Vo 

< 1 PPM 
AVC  = ±3% 

-55t  to  +105°C 
Change  in  Ta  on 
Oscillator 

Frequency 

vo 

±25  PPM 
AVq  = ±10% 

Contribution  of 
Oscillator  Circuit  to 
Frequency  Deviations  in 
Temperature  Test 

< ±2  PPM 

Transistor  Interchange 
(8  Transistors) 

Frequency 

Vo 

±5  PPM 
AV0  = ±4% 

Crystal  Unit  Interchange 
(No  Tuning) 

Frequency 

Vo 

±5  PPM 
±26% 

8-20.  Isolating  Resistor  Pierce  Oscillator,  0.8  to  20  MC  Range 

Referring  to  Figure  1-17  (the  circuit  used  to  determine  the  loading  effect 
of  the  77  network  driving  source)  if  R is  regarded  as  a resistor  interposed  between 
the  output  of  an  amplifier  and  the  reactive  part  of  the  77  network,  the  resulting 
circuit  is  shown  in  Figure  8-15.  The  consequence  of  viewing  the  circuit  in  this 
way  are: 


INPUT 

OUTPUT 

— O 

o — 

AMPLIFIER 

5 

l 

Ra, jXe 


TP  1072- 121 


— < 

»— vv\ 

it — oh 

h— 1 

CJ 

< 

< 

> 

>rl  Ct 

L 

cs 

-4 

1 1 

i 

Figure  8-15.  Pierce  Oscillator  Circuit  Using  an  Isolating  Resistor 


(a)  Provided  R is  much  greater  than  R^,  the  amplifier  load  imped- 
ance is  practically  independent  of  the  77  network  input  impedance  and 
is  essentially  equal  to  R^.  Consequently,  the  amplifier  input  im- 
pedance is  also  virtually  independent  of  the  77  network  impedance. 
Therefore,  the  isolation  between  amplifier  voltage  gain  and  feedback 
functions  is  inherent  in  this  circuit. 

(b)  The  power  division  between  the  oscillator  load  R^  and  the  feed- 
back network  is  roughly  inversely  proportional  to  the  relative  values 
of  R and  R^.  By  making  R much  larger  than  R^,  the  oscillator  output 
power  can  be  made  many  times  greater  than  the  feedback  power  and 
hence  the  crystal  unit  dissipation. 


(c)  The  required  amplifier  voltage  gain  is  increased  in  comparison 
with  that  required  in  the  basic  Pierce  circuit  since  the  voltage  attenua- 
tion introduced  by  R must  now  be  counteracted.  For  the  crystal  load- 
ing conditions  previously  established,  this  requires  the  amplifier  volt- 
age gain  to  be  increased  approximately  4 times  for  a given  ratio  of 
X 

# The  conditions  placed  on  the  amplifier  are  therefore  more 

^emax 

demanding  in  this  respect  than  in  the  basic  Pierce  oscillator.  In  gen- 
eral, this  means  that  it  is  no  longer  possible  to  use  a large  amount  of 
emitter  degeneration  in  the  amplifier  circuit.  Consequently,  the 


amplifier  characteristics  are  likely  to  be  more  frequency  dependent 
at  frequencies  above  a few  megacycles. 

8-21.  Loop  Voltage  Gain 

The  formulae  used  in  calculating  the  loop  gain  are  as  follows: 

The  maximum  voltage  attenuation  ratio  of  the  n network  is  given  in  Paragraph 
1-10  as: 


Av  = 


X 


LCs 

Leff 


ry 

R . em  ax 


XP  X 


Leff 


] 


X, 


KA  • XLeff 


(8-72) 


where  the  value  of  X(-.g  for  the  given  n network  loading  and  phase  angle  limiting 
conditions  is : 

r 

1/6  Rin(p)for  Rin(p)  ^ 3.6  Re  max  (8-73) 

Xq  ^ / or 

'^■1  Re  max  " ®in(p)-  for  Rin(p)  > 3-6  max 


The  approximate  value  of  the  amplifier  input  resistance  is  given  in  Paragraph 
3-20  as: 


Rin(p)  **  (rbb  + RbV 


'•(t 

1 + hFEmin 

■T$ 

(8-74) 


R 


b e 


^ + -hFEmin^  re 


(8-75) 


The  amplifier  gain  at  frequencies  up  to  the  cutoff  frequency  fy  is: 

a . Rr 


Gy  = 


O • T 


re  + rbli^  “ aa)  + (rbb'-  + re)  • 


(8-76) 
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where  Rj  is  the  parallel  combination  of  the  n network  input  resistance  and  R^. 
Assuming  that  the  n network  input  resistance  is  equal  to  R: 


R,  . R 

R = — 

T RL  + R 


(8-77) 


The  loop  voltage  gain  is  then: 

GVl  = GV  • AV  (8-78) 

At  frequencies  above  fy  it  is  considered  desirable  to  determine  Gy 
experimentally,  although  preliminary  estimates  sufficient  to  establish  the  de- 
sired transistor  bias  conditions  can  be  obtained  from  a knowledge  of  the  low 
frequency  voltage  gain,  and  behavior  of  fy,  and  the  voltage  gain  frequency  de- 
pendence shown  in  Figures  3-6  thru  3-8. 

The  maximum  collector  signal  voltage  allowed  without  exceeding  the  crystal 
dissipation  rating  is  from  Paragraph  1-16: 

Vomax  3,8  Remax  \/PCMAX  ’ Remax  (8-79) 

For  the  CR-18A/U  crystal  unit  which  has  a 10  MW  dissipation  rating  between 
0.8  and  10  MC  and  a 5 MW  rating  between  10  and  20  MC,  Equation  (8-79)  can  be 
restated  as: 

(a)  Below  10  MC 


V 


omax 


0.37 


XLeff 

^emax 


emax 


(8-80) 


(b)  Above  10  MC 

Xjpff  

Vomax  ~ 0-28  • • /Rem ax  (8-81) 

“emax 

At  frequencies  of  0.8,  5,  and  20  MC,  the  values  of  V_  obtained  by  substi- 
tuting  for  Re  max  in  Equations  (8-80)  and  (8-81)  are: 

XLeff 

0.8  MC;  Vomax  « 9.2  — — VRMS 

Hemax 


i 
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VRMS 


5 MC; 


V 

omax 


2.9 


XLeff 

Remax 


XT.ff 

20  MC;  Vomav  « 1.16  -s  — - '■  VRMS 

Hemax 

8-22.  DESIGN  PROCEDURE  FOR  PIERCE  OSCILLATOR  USING  AN  ISOLATING 
RESISTOR 

Step  1.  Crystal  Characteristics 


Determine  the  crystal  unit  power  rating,  its  equivalent  reactance  and 
maximum  equivalent  resistance  from  MIL-C-3098,  Supplement  1.  The  crystal 
unit  equivalent  inductive  reactance  Xe  is  equal  to  the  reactance  of  the  specified 
loading  capacitor  Cl  which  will  be  either  30  or  32  PF.  Figure  8-3  gives  this 
information.  Determine  the  permissible  it  network  input  voltage  per  unit  of 

— LefL,  using  Equation  (8-79). 

^emax 


Step  2,  Selection  of  Transistor  Type 

(a)  The  transistor  power  dissipation  at  the  highest  operating  tempera- 
ture should  be  at  least  2 to  3 times  the  desired  output  power. 

(b)  If  possible  the  gain-bandwidth  product  of  the  transistor  should  be 
greater  than  40  times  the  design  frequency.  If  this  condition  can  be 
met  the  amplifier  voltage  gain  and  input  resistance  will  be  essentially 
frequency  independent  at  the  amplifier  load  levels  likely  to  be  used. 

(c)  When  condition  (b)  can  be  met,  a large  hpp  min  is  desirable. 

R^'e  will  then  be  increased  together  with  R^,  y This  will  allow  an 
increase  in  XCg  resulting  in  a decrease  in  feedback  network  attenua- 
tion. However,  a large  value  of  hpp  min  makes  the  amplifier  input 
resistance  frequency-dependent  at  a lower  frequency  (see  Equation 
(8-74).  Therefore,  at  frequencies  above  say  4 or  5 MC,  no  advantage 
is  conferred  by  using  a transistor  with  a hpE  min  greater  than  20. 

(d)  If  high  power  output  is  desired  at  the  low  end  of  the  frequency  range, 
a transistor  with  a high  collector- emitter  breakdown  voltage  will  be  re- 
quired. At  these  frequencies  the  oscillator  power  output  capability  is 
determined  by  the  transistor  breakdown  voltage  and  dissipation  ratings. 
At  higher  frequencies  the  permissible  crystal  n network  input  voltage 

is  usually  the  factor  that  limits  the  collector  signal  voltage,  and  high 
values  of  collector- emitter  breakdown  voltage  are  not  then  required. 


In  general,  the  higher  the  oscillator  power  output,  the  more  strin- 
gent will  be  the  transistor  amplifier  requirements.  The  following  de- 
sign examples  will  serve  as  a guide  to  the  design  limitations  imposed 
by  transistor  characteristics. 


Step  3 

The  oscillator  power  output  may  be  limited  by: 

(a)  Transistor  power  dissipation 

(b)  Transistor  collector-emitter  breakdown  voltage  rating 

(c)  The  available  supply  voltage 

(d)  The  combination  of  crystal  power  dissipation  and  inadequate 

amplifier  voltage  gain  - input  resistance  product 

It  is  therefore  necessary  to  determine  if  any  of  these  factors  will  pre- 
vent the  desired  power  output  from  being  obtained  with  the  selected  transistor. 
The  amplifier  is  first  considered  to  find  the  DC  operating  conditions  that  can  be 
employed.  With  this  information  it  is  then  possible  to  estimate  the  available 
loop  gain. 

From  the  transistor  data  sheet  determine  the  permissible  transistor 
power  dissipation  Pg)  max  at  the  highest  oscillator  operating  temperature  and 
the  base  open-circuit  collector-emitter  breakdown  voltage  rating  BVceO- 
BVCeo  is  selected  rather  than  BVqER  as  a design  limit  because  the  base  bias- 
ing network  will  probably  need  to  be  as  large  as  possible  consistent  with  a rea- 
sonable transistor  bias  point  stability.  It  is  therefore  likely,  insofar  as  break- 
down voltage  rating  is  concerned,  that  the  transistor  will  be  operating  under 
biasing  conditions  where  the  base  open-circuit  voltage  rating  is  applicable.  If, 
as  the  design  progresses,  this  is  not  found  to  be  the  case,  an  appropriate  cor- 
rection can  be  made  if  necessary. 


BVceo  determines  the  maximum  allowable  peak-to-peak  collector  sig- 
nal voltage  swing,  and  since  this  changes  with  variations  of  the  oscillator  load, 
B+,  oscillator  loop  gain,  and  ambient  temperature,  the  collector  peak-to-peak 
signal  voltage  selected  for  a "worst  case"  design  must  be  somewhat  smaller 
than  BVce0  to  allow  for  increases  due  to  these  causes.  If  a 30  percent  allow- 
ance is  made,  the  permissible  RMS  collector  signal  voltage  for  a "worst  case" 
design  (Re  - Re  max)  ^s: 


V 


o 


0.7 


BV 


CEO 


2.8 


(8-82) 
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The  loop  voltage  gain  for  the  "worst  case"  design  will  subsequently  be 
fixed  at  a value  of  from  1,3  to  2,  and  under  these  conditions  the  amplifier  oper- 
ation approaches  Class  AB,  the  collector  signal  swinging  between  collector 
saturation  and  2 VCE  in  a reasonably  sinusoidal  manner.  Therefore,  the  DC 
collector-emitter  voltage  will  be  approximately: 


V 


CE 


0,7  BVceq 
2 


(8-83) 


It  is  advisable  that  the  emitter  should  be  biased  at  least  2 volts  above 
ground,  and  preferably  higher,  to  ensure  a reasonable  transistor  bias  point 
stability  with  temperature.  If  the  available  supply  voltage  exceeds  the  collector- 
emitter  DC  voltage  calculated  from  Equation  (8-83)  by  more  than  this  amount, 
this  value  of  VCE  is  the  maximum  allowable.  If  this  is  not  the  case,  the  maxi- 
mum collector- emitter  voltage,  allowing  for  adequate  biasing  stability,  will  be: 


VCE  VCC  3 (8-84) 

where  VEE  is  the  available  supply  voltage.  Lower  values  of  VqE  than  those 
calculated  from  Equation  (8-83)  or  (8-84)  can  of  course  be  used.  However,  this 
will  reduce  the  oscillator  power  conversion  efficiency,  since,  for  a given  power 
output,  the  collector  current  and  hence  the  circuit  dissipation  will  increase. 

The  amplifier  is  then  designed  in  a similar  manner  to  a Class  A power 
amplifier.  The  maximum  allowable  collector  current  is  obtained  from  the  pre- 
viously calculated  maximum  transistor  dissipation  rating  at  the  highest  operating 
ambient  temperature  as: 


C max 


D max 


V 


CE 


(8-85) 


A small  safety  factor  is  desirable  to  allow  for  power  supply  variations,  and  Iq 
should  be,  say,  10  percent  below  the  value  calculated. 

The  maximum  amplifier  output  for  a "worst  case"  design  will  approach 
50  percent  of  the  transistor  dissipation;  that  is: 


T max 


0.5  P 


D max 


(8-86) 


If  this  is  larger  than  required,  the  DC  collector  current  can  be  reduced  accord- 
ingly. PT  max  should,  however,  be  larger  than  the  desired  power  output  since 
it  also  includes  the  feedback  power.  A suitable  estimate  for  the  feedback  power 
at  the  low  end  of  the  range  is  10  to  20  percent,  increasing  to  20  to  40  percent  at 
20  MC. 
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The  amplifier  load  is  then  given  by: 


Rj,  = 


CE 


(8-87) 


where  and  Iq  are  the  values  finally  selected. 


The  maximum  crystal  unit  dissipation  occurs  when  a crystal  unit  with 
an  equivalent  resistance  of  less  than  Rg  max  is  in  circuit  and,  therefore,  when 
the  loop  gain  is  greater  than  the  "worst  case"  design  value.  Also,  despite  the 
limiting  occurring  in  the  circuit,  the  increase  in  loop  gain  usually  results  in  an 
increase  in  the  collector  signal  voltage  relative  to  that  obtained  for  a "worst 

case"  design.  In  determining  the  value  of  — required  to  prevent  the  crys- 

Re  max 

tal  unit  dissipation  exceeding  the  rating,  it  is  therefore  necessary  to  apply  a 
correction  factor  allowing  for  this  increase  in  collector  signal  voltage  above  the 
values  expected  for  a "worst  case"  design.  In  the  case  where  the  collector- 
emitter  breakdown  voltage  rating  is  the  limiting  factor,  this  correction  can  be 
conveniently  introduced  by  assuming  that  the  peak-to-peak  collector  signal  volt- 
age swing  will  approach  BVq^q  when  maximum  crystal  unit  dissipation  occurs. 
The  formula  for  calculating  the  minimum  required  ratio  is  then: 


R, 


e max 


Minimum 


*Leff 

max 


BV 


CEO 


2.8 


X 


Vo  max  Per  unit  h 


Leff 


(8-88) 


e max 


A similar  allowance  for  a 40  percent  increase  in  the  collector  signal 
voltage  for  other  values  is  given  by  the  formula: 


X 


Minimum 


Leff 


V 


CE 


e max 


Vo  max  Per  unit  r 


uLeff 
e max 


(8-89) 


X 


This  is  the  minimum  value  of  : 


Leff 


Rc 


that  can  be  used  without  the  possibility  of 

le  max 

crystal  unit  overdrive.  Higher  values  may  be  used  but  only  at  the  expense  of 
increasing  the  n network  attenuation  and  hence  increasing  the  amplifier  voltage 
gain  required.  This  may,  in  turn,  require  an  increase  in  Rrp  with  a consequent 
reduction  in  oscillator  power  output.  The  value  of  ^Leff  obtained  from  Equa- 
te max 

tion  (8-88)  or  (8-89)  is  a suitable  value  to  assume  initially  for  the  purpose  of 
calculating  the  oscillator  loop  gain;  this  value  may  then  be  increased  if  the  loop 
gain  obtained  for  the  desired  bias  conditions  is  excessive. 
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From  Figure  8-8  calculate  R from  the  curve  of  = at  the  appro- 

XT  ff  max 

priate  value  of  ^ _ e _ — The  oscillator  external  load  to  be  reflected  into  the 


Re  max 

collector  circuit  Rp  is  then  approximately  given  as: 


R/p  * R 
R - Rrp 


(8-90) 


Calculate  XT  from  the  known  value  of  R . 

Leii  e max 

The  oscillator  loop  gain  can  now  be  estimated  for  the  derived  amplifier 
bias  and  n network  conditions  to  determine  the  design  feasibility  under  these 
conditions. 


Step  4,  Loop  Gain  Determination 

For  the  VqE  and  Iq  values  obtained,  determine  hEE  mjn  from  the  tran- 
sistor data  sheet.  Most  manufacturers  give  a guaranteed  minimum  common 
emitter  current  gain  at  25°C  at  a particular  collector  current  and  voltage.  In 
addition,  the  data  sheet  normally  contains  curves  showing  the  typical  variation 
of  typical  hpE  with  collector  current  and  temperature.  It  will  normally  be  nec- 
essary to  estimate  hFE  min  from  the  25°C  data,  taking  into  account  the  relative 
values  of  the  quoted  typical  and  minimum  values. 

Also  determine  from  the  transistor  data  sheet  the  typical  value  of  f-p 
at  the  and  Iq  values  under  consideration. 

Calculate: 


Rb’e  = re  <hFE+  (8-92) 

where,  in  the  absence  of  more  specific  information,  r'  can  be  considered  as  1 
ohm. 


The  voltage  gain,  assuming  no  frequency  effects,  will  be: 


ao  ‘ RT 


Rt 

re  + Ttib'<1-*o'  + <Tb'b'  + rJ  r“ 


(8-93) 
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where  can  be  determined  approximately  from  the  collector  curves. 

Calculate: 

r 

2 


Rin(p)  “ 


(r 


bb 


Ve> 


(8-94) 


and 

Rin(p) 

^emax 

The  next  step  in  the  design  procedure  depends  on  the  relative  values  of 
fy  and  the  design  frequency.  If  the  value  of  ^in(p)  *s  reduced  say  more  than  20 
percent  by  the  frequency  dependent  factor,  the  transistor  is  operating  near  to  or 
above  its  transconductance  cutoff  frequency  f'y/2.  The  amplifier  voltage  gain 
will  then  be  below  its  low  frequency  value.  A second  check  can  be  made  by  cal- 

% 

culating  the  value  of  ^ - (re  + rbb')  and  comparing  with  re  + rbb‘  (1  - aQ). 

If  the  former  exceeds  tKe^latter  in  value,  the  amplifier  is  operating  above  fy. 

The  amplifier  voltage  gain  operating  condition  can  also  be  roughly  estimated 
from  the  voltage  gain  plots  given  in  Figures  3-6,  3-7,  and  3-8  and  the  relative 
characteristics  of  the  transistor  being  considered  for  the  design.  When  obtain- 
ing this  estimate  it  should  be  noted  that  for  two  amplifiers  having  the  same  low 
frequency  gain  but  different  emitter  currents  and  loads,  the  one  having  the  higher 
emitter  current  will  usually  have  the  lower  fy. 


From  the  foregoing  it  should  be  possible  to  obtain  an  estimate  of  the 
amplifier  voltage,  and  the  loop  gain  is  determined  as  follows: 

Calculate: 


X, 


^ f°r  Kinfp)  s Re  ma* 

Jo.l  Re  max  Rin(p)  f°r  ■Fkn(p)  > ^e  max 


(8-95) 
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(8-96) 


X, 


Av  - 


KA  ’ XLeff 


where  KA  is  given  in  Figure  8-8. 
The  loop  voltage  gain  is  then: 


GV 


L 


(8-97) 


If  the  loop  voltage  gain  is  less  than,  say,  1.5  at  low  frequencies  or  less  than  2 
at  frequencies  where  the  voltage  gain  is  a rough  estimate,  the  design  is  probably 
not  feasible.  In  any  case,  it  is  desirable  to  build  a breadboard  circuit  to  deter- 
mine the  actual  voltage  gain  for  the  calculated  biasing  and  load  conditions.  Little 
additional  work  is  entailed  if  the  breadboard  layout  is  adaptable  as  the  oscillator 
prototype  chassis.  Several  transistors  should  be  tested  to  ensure  a representa- 
tive sample.  At  this  point  the  procedure  divides,  depending  on  the  loop  gain 
obtained  using  the  lowest  measured  voltage  gain. 

(a)  If  the  loop  voltage  gain  is  greater  than  1.3,  the  design  is  feasible. 

It  is  desirable  to  include  some  emitter  degeneration  in  the  amplifier 
circuit,  and  its  effect  on  the  voltage  gain  can  be  determined  as  follows. 
At  frequencies  where  the  amplifier  voltage  gain  is  essentially  inde- 
pendent of  frequency,  the  effect  of  emitter  degeneration  can  be  deter- 
mined by  substituting  re  + ry;  for  re  in  Equation  (8-93).  At  higher  fre- 
quencies it  is  advisable  to  measure  the  voltage  gain  as  a function  of  rj.. 

The  new  value  of  Rin(p)  is  then  calculated  substituting  r0  + rE  for 
re  in  Equation  (8-94)  and  the  new  values  of  X^g  and  Ay  determined 
using  the  equations  previously  given. 

(b)  If  the  loop  gain  calculated  using  the  lowest  measured  voltage  gain 
is  less  than  1. 3,  the  design  is  not  feasible  and  must  be  repeated.  The 
alternatives  are  then  to  use  a better  transistor  (in  general,  a transis- 
tor with  a higher  h-pg  ni|n  or  BVqjjq  at  low  frequencies;  higher  f-y 
above  10  MC)  or  accept  a power  output  reduction.  For  the  latter  course 
the  loop  voltage  gain  can  be  increased  by  increasing  Rrpor  decreasing 
XLeff*  ^creasing  Rrp  also  decreases  the  collector  current  required, 
while  decreasing  Xj^gff  reduces  the  collector- emitter  voltage  allowed. 
The  loop  gain  is  approximately  proportional  to  the  ratio  of  Rj.  to  XLeff , 
and  a given  percentage  reduction  in  X^gf-f  or  increase  in  Rp  will  result 
in  similar  increases  in  loop  voltage  gain.  Therefore,  since  the  mini- 
mum oscillator  power  output  is  approximately  proportional  to 

and  inversely  proportional  to  Rp.  (neglecting  R),  the  reduction  in 
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oscillator  power  output  is  generally  smaller  when  Rp  is  increased. 
^in(p)  *s  a^so  increased  due  to  the  reduction  in  emitter  current,  allow- 
ing XG  to  be  increased.  This  will  also  cause  an  increase  in  loop 

O 

voltage  gain. 

When  designing  below  the  cutoff  frequency  fy,  the  value  of  Rp  can 
be  determined  by  calculation.  Above  fy  an  experimental  approach  is 
recommended;  the  transistor  current  levels  being  appropriately  ad- 
justed to  suit  the  loads  used.  Adjustments  of  Rp  are  made  until  values 
of  Gy,  Rjn^p),  and  Ay  are  obtained  that  result  in  a loop  gain  of  1.3  or 
greater. 

The  effect  of  an  emitter  degeneration  resistor  is  then  investigated 
using  the  approach  outlined  in  (a). 


Step  5 


Determine  the  base  biasing  resistor  values  by  the  method  shown  in 
Paragraph  3-26,  or  by  any  other  suitable  method,  and  calculate  Rb(p)5  the 
input  resistance  of  this  network. 


The  value  of 


AV 


BG 


V 


BG 


to  be  used  in  the  calculation  of  the  required  base 


biasing  network  currents  is  a matter  of  choice  for  the  designer.  A small 

avbg 


V 


BG 


will  result  in  a stable  transistor  working  point  and  a low  value  of  R^^ 


and  vice-versa. 


Compare  R^^  with  Rjn^  to  determine  their  network  loading  incurred. 
Rj^pj  will  usually  be  large  compared  to  and  can  be  ignored.  If  not,  XGg 

should  be  decreased  appropriately  and  a corresponding  amplifier  gain  increase 
made. 


Step  6,  Calculation  of  Remaining  Component  Values 
Calculate: 


C from  X~ 
s ^ 

s 

Estimate  C^p)  from  the  plots  given  in  Figure  3-12  using  the  relative 
values  of  transistor  f<p's  and  C^'s  as  a guide. 


Actual  Cs  » Cs  - Cin(p) 


(8-98) 
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(8-99) 


= X„  - X 


Leff 


- X, 


1 


CSL  wX 


(or 


3 

X, 


• CT) 


(8-100) 


■'JL  VjL 

Xc  is  obtained  from  Figure  8-11  and  the  known  value  of  ,R. 


'T 
C = 


biX, 


(or 


X„ 


Ct.) 


(8-101) 


The  collector  tuning  network  values  are  difficult  to  estimate  because  of 
the  dependence  of  the  output  capacitance  on  the  base  terminating  impedance.  At 
the  lower  frequencies  of  the  range,  Co(p)  can  expected  to  be  10  to  30  times 
Cob?  falling  to  1 to  5 Cob  at  20  MC.  It  will  probably  be  necessary  to  adjust  the 
tuning  network  values  experimentally  to  obtain  correct  tuning. 

The  effective  parallel  resistance  of  the  tuning  inductor  should  be  large 
compared  to  R/p  to  avoid  reducing  the  loop  gain  and  to  optimize  the  output  power. 

Calculation  of  emitter  circuit  components  - The  total  resistance  re- 
quired in  the  emitter  circuit  is: 


rE  + 


r 

e 


VBG”0,7 


lE 


(8-102) 


If  rg  is  significant,  subtract  to  find  RE< 

Determination  of  emitter  decoupling  capacitor  value  - The  amplifier 
input  resistance  as  seen  at  the  emitter  decoupling  point  will  not  be  much  greater 
than  re  + rg . Therefore,  it  is  desirable  that  the  reactance  of  the  decoupling 
capacitor  Xqe  should  be  not  greater  than  one-tenth  of  r0  + rg. 


That  is: 


Then: 


XCE 


re+  rE 
10 


(or 


X, 


E U)XCE  v XCE 


CL) 


(8-103) 


(8-104) 
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If  no  emitter  degeneration  is  used,  this  may  be  difficult  to  achieve  because  of 
the  low  value  of  re  and,  hence,  the  large  Cg  required.  The  best  that  can  then 
be  achieved  will  probably  be  the  selection  of  a value  of  Cj?  that  is  self-resonant 
at  the  design  frequency. 

The  emphasis  in  the  preceding  design  procedure  is  on  obtaining  a re- 
latively high  oscillator  output  power  since  this  type  of  Pierce  circuit  is  particu- 
larly advantageous  in  this  application.  However,  this  configuration  need  not  be 
confined  solely  to  high  output  power  designs,  and  it  is  equally  valid  when  only  a 
few  milliwatts  of  power  output  is  required.  In  this  case,  the  amplifier  total  load 
resistance  R^  and  hence  the  oscillator  external  load  can  be  increased  appre- 
ciably, and  it  is  then  possible  to  reduce  the  amplifier  voltage  gain  by  introducing 
a large  emitter  degeneration  resistance  with  a value  of,  say,  20  ohms  or  larger. 
This  in  turn  will  make  the  amplifier  voltage  gain  essentially  frequency-independ- 
ent and  equal  to  its  low  frequency  value  up  to  20  MC  and  also  increase  the  ampli- 
fier input  resistance  and  capacitance. 

For  low  output  power  requirements,  therefore,  the  stipulation  of,  say, 
20  ohms  of  emitter  degeneration  enables  the  design  to  be  determined  by  means  of 
a simple  calculation.  At  the  higher  frequencies  in  particular,  this  approach  is 
therefore  perhaps  superior  to  the  basic  Pierce  insofar  as  design  simplicity  is 
concerned,  although  it  does  have  the  disadvantage  of  requiring  an  additional 
tuning  capacitor. 

8-23.  OSCILLATOR  DESIGN  EXAMPLES 

The  following  design  examples  illustrate  the  application  of  the  design 
procedure  at  various  frequencies  of  the  0.8  to  20  MC  range.  The  transistor 
types  used  in  these  designs  were  chosen  for  the  following  reasons: 

(a)  The  2N706A  is  probably  the  least  costly  silicon  transistor  avail- 
able at  this  time.  It  does,  however,  have  a reasonable  gain-bandwidth 
product  which  makes  its  use  feasible  for  medium  power  output  designs 
particularly  below  10  MC. 

(b)  The  2N2219  represents  a compromise  between  cost  and  performance 
characteristics.  It  is  at  present  a medium  priced  transistor  with  char- 
acteristics that  are  apparently  unique;  namely,  a reasonable  gain- 
bandwidth  product,  a high  hFEmjn,  a relatively  large  power  dissipa- 
tion, and  a relatively  high  VceO-  The  high  VcEO  an<^  large  power 
dissipation  are  admirably  suited  to  high  power  oscillator  design  at  the 
lower  frequencies  of  the  range. 
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8-24.  800  KC,  2N2219  Pierce  Oscillator  Using  An  Isolating  Resistor 

The  CR-I8A/U  crystal  unit  characteristics  are: 

X = 6250  ohms 


e 

emax 

PCMAX 


625  ohms 
10  MW 


V per  unit  -^eff  = 9.2VRMS 
omax  R 

emax 

Transistor  characteristics  (2N2219): 


Maximum  Power  Dissipation  at  105  C = 380  MW 


BV  = 30  V 
CEO 

Permissible  collector  signal  voltage  = 7.5  VRMS 


VCE  - 10  VDC 


5 

*emax 


Necessary  — — e—  = 0.7  (use  a value  of  1) 

R, 


R = 1.7  K 


Permissible  1 - 38  MA  (use  35  MA) 

v_/ 

290  ohms 

R = 350  ohms 

L 

h = 85 

FEmm 

Typical  ^ 350  MC 

rg  ~ 1 ohm  (r1  « 0.3  ohm) 


60  ohms 


3 PF 


Ccb’  ^ 


X_  . = 67  K 
Ccb 


r '<1  - « ) » 0.7 
bb  ' o' 


Gv  « 170 
v o 


Rrr. 

(re  + rbb’) 

XCcb’ 


R,r  = 85  ohms 
b e 

r = 35  ohms 


= 35 


(ir  ■ 


2 x 10 


-6 


R 


in(p) 


145  ohms 


Rin(p)  < 3>6  Remax 


X - 24  ohms 
CS 

Ay  = 0.082 

G = 1.4 
L 


Let  = 5 ohms 


R. 


info) 

XCS 

°V 

Av 


630  ohms 
105  ohms 
43 

0.036 


ohm 


:=  0.26 
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1.5 


Biasing  Network: 

With  a 28  VDC  supply  and  V - 10  VDC,  V « 18  VDC. 

J CE  ! BG 

For  AVbg  of  2.2  VDC,  AIE  sa  12  percent.  These  values  were  used  as 
an  example  in  Paragraph  3-26  and  gave: 


- 10  K 
^b2  = 30  K 
“*.>  = 7'5K 

R,  , . is  more  than  10  R , and  can  be  ignored. 
b(P)  in(p) 

Calculation  of  remaining  components: 


C 


S 


Cin(p) 


= 1900  PF 
« 200  PF 


Estimated  physical  Cg  « 1700  PF  (actual  was  1600  PF) 


xr  = 
CSL 

5.5  K 

CJL  = 

36  PF 

xcT  “ 

460  ohms 

Cq-  = 

430  P.F 

ee 

510  ohms 

XCE  “ 

0.6  ohm 

CE  * 

0.33.  UF 
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DESIGN  EVALUATION  DATA 

0.8  MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N2219) 
(All  results  obtained  using  limit  crystal) 


Crystal  Units 
(CR-18A/U) 

Parallel  Resonant 
Frequency  (MC) 

Re 

(Ohms) 

1 

0.799993 

570 

2 

0.799998 

590 

3 

0.800006 

560 

■ 4 

0.799999 

630 

+ 28VDC 


Figure  8-16.  0.8-MC  Isolating  Resistor  Pierce  Oscillator  Circuit  (2N2219), 

Schematic  Diagram 
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DESIGN  EVALUATION  DATA 

0.8  MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N2219) 
(All  results  obtained  using  limit  crystal) 


Effect  of 

Change 

+ 15%  B+  Change 
on  Oscillator 

Frequency 

Vo 

< 1 PPM 

AVq  = +15% 

-20%  B+  Change 
on  Oscillator 

Frequency 

V 

o 

< 1 PPM 
£Vq  = -22% 

±10%  Change  in 
R^  on  Oscillator 

Frequency 

V 

o 

< ±1  PPM 

£Vq  = ±8% 

-55°C  to  +105°C 
Change  in  T^  on 
Oscillator 

Frequency 

V 

o 

±14  PPM 
£Vq'=  ±7% 

Contribution  of 
Oscillator  Circuit 
to  Frequency 
Deviations  in 
Temperature  Test 

< ±2  PPM 

Transistor  Inter- 
change (5  units, 
retuning  to  maxi- 
mum output) 

Frequency 

V 

0 

< ±1  PPM 
£Vo  = ±1% 

Crystal  Unit 
Interchange 

Frequency 
mis  correlation 

Vo 

±3  PPM 
£Vq  = ±3% 

8-25.  5 MC,  2N22 19  Pierce  Oscillator  Using  An  Isolating  Resistor 

The  CR-18A/U  crystal  unit  characteristics  are: 


X -IK 
e 


■p 

emax 


60  ohms 


P 


CMAX 


10  MW 


T pff 

V per  unit  — = 2.9  VRMS 
omax  R 

emax 

Transistor  Characteristics  (2N2219): 

Maximum  Power  Dissipation  at  105°C 


BV  = 30  V 
CEO 

Permissible  collector  signal  voltage  = 


VCE  = 10  VDC 

XT  ff 

Necessary  — — - — = 3.5 
Kemax 

R = 2.3  K 


Permissible  1^,  = 38  MA  (use  35  MA) 

Rm  = 290  ohms 
T 

R = 330  ohms 

L 

hFEmin  = 85 

Typical  fVp  ~ 350  MC 

r = 1 ohm  (r1  « 0.3  ohm) 


380  MW 


7 . 5 VRMS 


60  ohms 


3 PF 


Ccb'  = 


X 


Ccb 


"bb^1  -ao) 


10.7  K 
0.7  ohm 


Rr 


X 


Ccb 


(re+rbb’)  = 1-7' 


Operation  is  in  the  vicinity  of  fy  . Therefore,  Gy  will  be  down  probably  20 

percent  from  Gv  • 
v o 

0.8  G„  = 136 
vo 

R,  . = 85  ohms 

b'e 

r = 35  ohms 


— = 35 
rE 


f \ 2 -4 

Y~)  =2x10 

a' 


R = 112  ohms 
in(p) 


< 3.6  R 


emax 


X^g  = 19  ohms 


Ay  = 0.0216 


Gvl  ■ 2-9 


Loop  gain  is  high  and  can  be  reduced  by  emitter  degeneration. 
Let  Tj,  equal  12  ohms. 

R,  - 1.1  K 
b E 

R.  , . = IK 
in(P) 
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77  ohms 


XCS  = 

A = 0.097 

Gy  « 21 


Biasing  Network: 

See  800  KC  Design  Example 


R,  = 10  K 

bl 

R,  = 30  K 

b2 

%>  ■ 7-5K 

The  combined  input  resistance  is  900  ohms,  reducing  X^g  to  73  ohms.  The 
loop  gain  will  still  be  adequate. 


C 


S 


Cin(p) 


Estimated  Physical  Cg 


440  PE 
150  PF 

si  300  PF  (actual  was  220  PF) 
716  ohms 


Gjl- 


X 


c 


T 


R 


E 


XCE  ~ 


C 


E 


45  PF 
207  ohms 

155  PF 
500  ohms 
0 . 6 ohm 
0.05  UF 
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DESIGN  EVALUATION  DATA 

5-MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N2219) 
(All  results  obtained  using  limit  crystal) 


Crystal  Units 
(CR-18A/U) 

1 

2 

3 

4 


Parallel  Resonant 
Frequency  (MCI 

R 

(Ohms) 

4.999956 

16 

4.999924 

15 

4.999973 

24 

4.999952 

60 

Figure  8-17.  5-MC  Isolating  Resistor  Pierce  Oscillator  Circuit  (2N2219), 

Schematic  Diagram 
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DESIGN  EVALUATION  DATA 

5-MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N2219) 
(All  results  obtained  using  limit  crystal) 


Effect  of 

Change 

+15%  B+  Change  Frequency 

on  Oscillator  V 

0 

< 1 PPM 
AVq  = +17% 

-20%  B-  Change  Frequency 

on  Oscillator  V 

0 

< 1 PPM 

AV  = -21% 
0 

±10%  Change  in  Frequency 

Rt  on  Oscillator  V 

L o 

< ±1  PPM 
AVq  = ± 7% 

-55°C  to  +105°C  Frequency 

Change  in  T&  on  V 

Oscillator 

±11  PPM 
AVq  = ± 5% 

Contribution  of 
Oscillator  Circuit 
to  Frequency 
Deviations  in 
Temperature  Test 

< ±2  PPM 

Transistor  Inter-  Frequency 

change  (5  units,  V 

retuning  to  maxi- 
mum output) 

< ±2  PPM 
AVo  < 1% 

Crystal  Unit  Frequency 

Interchange  mis  correlation 

vo 

±2  PPM 

AV  = ±14% 
0 

V 
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8-26.  20-MC,  2N22 19  Pierce  Oscillator  Using  An  Isolating  Resistor 

The  CR-18A/U  crystal  unit  characteristics  are: 

X = 250  ohms 
e 

R =20  ohms 


emax 


P 

V 


CMAX 


= 5 MW 


per  unit  — 
omax  K r 


Leff 


emax 


1.16  VRMS 


Transistor  Characteristics  (2N2219) 

Maximum  Power  Dissipation  at  105°C  = 380  MW 


BV 


CEO 


30  V 


At  the  transistor  bias  levels  used  in  the  previous  examples,  the  ampli- 
fier is  working'  well  above  the  cutoff  frequency  at  20  MC.  At  Ig  = 30  MA  the 
voltage  gains  with  500-ohm  and  1-K  amplifier  loads  were  45  and  50,  respectively. 
Reference  to  Table  3-6  shows  that  Rin(p)is  approximately  70  ohms  under  these 
conditions]  giving  AV  63.  The  loop  gain  is  therefore  inadequate.  The  loop 
gain  can  be  increased  by  either  decreasing  X^eff  or  increasing  R,p.  Experi- 
mental data  showed  that  a voltage  gain  of  100  was  obtainable  when  Rj  = 820 
ohms  and  1^  = 12  MA.  Then: 


10  V 


— Lgjf  = 8.6 

emax 

R = 4.4  K 


RL  = 1K 


h™  . = 75 

FEmin 

Typical  f 340  MC 
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2.4  ohms 


0.3  ohm 


r - 
e 


R 


in(p) 


lCS 


V 


v7 


90  ohms 
13.4  ohms 
0.019 
1.9 


Measured  Gy  = 


For  r^  = 30  ohms 
20 

2400  ohms 
59  ohms 


R 


b'E 
r 


= 33  x 10~4 

O' y ' 


R.  . . = 1700  ohms 
m(p) 

X = 58  ohms 

O O 

Ay  = 0.083 

Gvl  ■ ‘-7 


For  a 28  VDC  supply  and  V--,  = 10  V,  V is  approximately  18  V. 

C-h  BG 


AVbg  = 2.2  V 


lBi 


B 


= 2.6 


Br 


B 


= 1.6 


For: 
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Then: 


AI 


~ = 0.77 
B 


but: 


12 


B 1.06x75 


= 0.15  MA 


Therefore: 


and: 


I_  = 0.39  MA 
B„ 


I =0.24  MA 

B„ 


= 34  K 


= 75  K 


Vp) 


= 23  K 


R^^  is  greater  than  10  R.  and  can  be  neglected 


With  this  value  of  loop  gain  the  physical  value  of  Cg  is  undesirably  low 
and  some  improvement  was  obtained  by  reducing  X^,g  and  the  loop  gain.  For 

Xcg  - 40  ohms,  Gy  = 1.2.  This  low  value  is  permissible  because  of  the 
~ L 

large  amount  of  emitter  degeneration  employed. 


200  PF 
75  PF 


Estimated  Physical  Cg  « 125  PF  (Actual  was  75  PF) 


Xn  = 38  ohms 
C£ 

= 210  PF 

XP  = 163  ohms 
u 


392 


49  PF 


R_  = 1.5  K 
E 

XCE  sa  3.3  ohms 
C„  = 2400  PF 

h 

DESIGN  EVALUATION  DATA 

20-MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N2219) 
(All  results  obtained  using  limit  crystal) 


Crystal  Units 
(CR-18A/U) 

Parallel  Resonant 
Frequency  (MC) 

Re 

(Ohms) 

1 

20.000270 

7 

2 

20.000600 

8 

3 

20.000400 

7 

4 

20.000200 

8 

5 

20.000000 

20 

Figure  8-18.  20-MC  Isolating  Resistor  Pierce  Oscillator  Circuit  (2N2219), 

Schematic  Diagram 
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DESIGN  EVALUATION  DATA 

20-MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N2219) 
(All  results  obtained  using  limit  crystal) 


Effect  of 

Change 

+15%  B+  Change  Frequency 

on  Oscillator  V 

0 

1 PPM 
£Vq  = +21% 

-20%  B+  Change  Frequency 

on  Oscillator  V 

o 

2 PPM 
AV0  = -31% 

±10%  Change  in  Frequency 

Rt  on  Oscillator  V 

L o 

< ±1  PPM 

AV  = ±10% 
o 

-55°C  to  +105°C  Frequency 

Change  in  T on  V 

° a o 

Oscillator 

±25  PPM 
£V0  = ± 5% 

Contribution  of 
Oscillator  Circuit 
to  Frequency 
Deviations  in 
Temperature  Test 

< 2 PPM 

Transistor  Inter-  Frequency 

change  (5  units,  VQ 

retuning  to  maxi- 
mum output) 

< 1 PPM 
AVq  = ±10% 

Crystal  Unit  Frequency 

Interchange  miscorrelation 

V 

0 

±7  PPM 
AVq  = ±23% 

8-27. 


5-MC,  2N706A  Pierce  Oscillator  Using  An  Isolating  Resistor 


The  CR-18A/U  crystal  unit  characteristics  are: 


X = 1 K 
e 


Eemax  = 60  ohms 


P,,..  . __  = 10  MW 
CMAX 

Vomax  Per  unlt  = 2'9  V™S 

emax 


Transistor  Characteristics  (2N706A): 


Maximum  Power  Dissipation  at  105UC  = 


bvceo  = 15  VDC 

Permissible  collector  signal  voltage  = 


VCE  = 5 VDC 


Necessary 


X 


Leff 


R 


= 2 


emax 


R = 740  ohms 


Permissible  1^  = 28  MA  (use  21  MA) 


R = 240  ohms 
T 

R^  = 350  ohms 


hFEmin  20 


Typical  f,p  sa  300  MC 


r0  = 1.2  ohms  (r'  « 0 ohm) 


ruu»  = 


bb 


140  MW 


3.5  VRMS 


60  ohms 


Ccb’  = 2-5PF 


XCcb'  = 


= 13  K 


Rd  » 75  K 

_X(rQ+r.,')  = 0.2  ohm 
p ' e bb  ' 

nD 


XCcb' 


(r  + r,  , t) 
v e bb  ' 


1.2  ohms 


Operation  is  in  the  vicinity 
percent  below  Gy  . 


o 

0.8 


r 


of  fy.  Therefore, 
- 42 

= 25  ohms 
= 18  ohms 
= 15 


Gy  will  be  down  probably  20 


(£)  = 2'8x10'4 


R.  . . 

m(p) 


78  ohms 


< 


3.6  R 


emax 


X^g  = 13  ohms 
Ay  = 0.025 
Gy  =1.05 


The  loop  gain  is  inadequate.  However,  since  the  design  frequency  is  close  to 
fy  and  output  phase  angle  conditions  determine  the  value  of  X^g,  the  amplifier 
voltage  gain-input  resistance  product  of  the  amplifier  can  be  increased  suffi- 
ciently using  emitter  degeneration. 


396  , 


For 


4 ohms 


Rb'  E 

110  ohms 

r = 

39  ohms 

r 

re+  rE 

7.5 

Rin(p) 

170  ohms 

< 

Remax 

Xcs  = 

28  ohms 

The  amplifier  will  now  be  operating  below  fy  and: 


Ay  = 0.0525 


The  loop  gain  is  now  adequate. 

Biasing  Network: 

For  a 20  VDC  supply  and  = 5 VDC,  VBG  is  approximately  15  V. 

For  a AVgc  of  2 V,  £lE  is  13  percent. 

Then: 


Rfal  = 2 . 5 K 

Rb2  - 15  K 

Rb(p)  ~ 2,2  K 


Rj^p^  is  more  than  10  R-n^  and  can  be  ignored. 


Calculation  of  Remaining  Components: 


C 


s 


Cin(p) 


1140  PF 
150  PF 


Estimated  physical  Cg  = 1000  PF  (actual  was  510  PF) 


850  ohms 


CJ  = 38  PF 


X,-,  - 110  ohms 

C = 290  PF 

T 

R = 720  ohms 
Xe  ~ 0.5  ohm 


CE  = 0.05  UF 
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DESIGN  EVALUATION  DATA 

5-MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N706A) 
(All  results  obtained  using  limit  crystal) 


Crystal  Units 
(CR-18/U) 

Parallel  Resonant 
Frequency  (MC) 

Re 

(Ohms) 

1 

4.999956 

16 

2 

4.999924 

15 

3 

4.999973 

24 

4 

4.999952 

60 

Figure  8-19.  5-MC  Isolating  Resistor  Pierce  Oscillator  Circuit  (2N706A), 

Schematic  Diagram 


DESIGN  EVALUATION  DATA 

5-MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N706A) 
(All  results  obtained  using  limit  crystal) 


Effect  of 

Change 

+15%  B+  Change  Frequency 

on  Oscillator  V 

0 

< 1 PPM 
AVq  = +16% 

-20%  B+  Change  Frequency 

on  Oscillator  VQ 

< 1 PPM 
AVQ  = -23% 

±10%  Change  in  Frequency 

Rt  on  Oscillator  V 

L 0 

< ±1  PPM 
AV0  = ±5% 

-55° C to  +105°C  Frequency 

Change  in  T_  on  V 

d O 

Oscillator 

±12  PPM 
AVq  = ±7% 

Contribution  of 
Oscillator  Circuit 
to  Frequency 
Deviations  in 
Temperature  Test 

< ±2  PPM 

Transistor  Inter-  Frequency 

change  (8  units,  V0 

retuning  to  maxi- 
mum output) 

< ±1  PPM 

AVQ  = ±4% 

' 

Crystal  Unit  Frequency 

Interchange  miscorrelation 

V 

o 

±2  PPM 

AV  - ±6% 
o 

8-28.  20-MC,  2N706A  Pierce  Oscillator  Using  An  Isolating  Resistor 

The  CR-18A/U  crystal  characteristics  are: 

X = 250  ohms 
e 

R =20  ohms 

emax  , 

PCMAX  = 5 MW 

x 

V per  unit  — = 1 . 16  VRMS 
omax  ^ j? 

emax 

Transistor  Characteristics: 

At  the  transistor  bias  levels  used  in  the  example  of  Paragraph  8-27,  the 
amplifier  is  working  well  above  the  cutoff  frequency  at  20  MC.  Experimental  data 
shows  that  the  loop  voltage  gain  margin  is  insufficient.  Increasing  R-y  to  500  ohms 
gives  a voltage  gain  of  50  at  an  emitter  current  of  10  MA.  The  design  calculation 
is  then  as  follows: 


BVCEO  = 15  VDC 

Permissible  collector  signal  voltage 


VCE 

Necessary 
R = 


5 VDC 

XLeff  = 4.3 

p 

emax 
1.2  K 
880  ohms 


hFEmin  " 20 
Typical  frp  = 300  MC 


r 

e 


R.  . , 
in(p) 


XCS 


2 . 5 ohms  (r'  « 0 ohm) 
110  ohms 
15  ohms 


3 . 5 VRMS 


401 


AV  = 

0.042 

ii 

> 

O 

2.1 

Let 

rE  = 

3 ohms 

Measured 

Gv  = 

30 

Rb'E 

115 

Rin(p) 

130  ohms 

XCS  = 

16  ohms 

Av  = 

0.047 

gvt  = 

1.4 

Bias  Network: 


For  a 20  VDC  supply  and  = 5 VDC,  « 15  VDC,  the  condi- 

tion AVgQ  = 2 V is  satisfied  for: 

Rbl  = 5K 


Rb2  = 30  K 
^(p)  = 4’3K 


^(P) 


is  more  than  10  R 


in(p) 


and  can  be  neglected. 


Cg  - 500  PF 


Estimated  physical  C^p)  » 80  PF 

Estimated  Physical  Cg  =«  400  PF  (Actual  was  220  PF) 


X„  = 150  ohms 

C,  = 54  PF 

i 

X„  - 85  ohms 
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94  PF 


R£  = 1.5  K 

XCE  ***  °*  6 °^m 
CE  - 0.013  UF 

DESIGN  EVALUATION  DATA 

20-MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N706A) 
(All  results  obtained  using  limit  crystal) 

Crystal  Units  Parallel  Resonant  Rg 
(CR-18A/U)  Frequency  (MC)  (Ohms) 

1 20.000270  7 

2 20.000600  8 

3 20.000400  7 

4 20.000200  8 

5 20.000000  20 


Figure  8-20.  20-MC  Isolating  Resistor  Pierce  Oscillator  Circuit  (2N706A), 

Schematic  Diagram 
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DESIGN  EVALUATION  DATA 

20-MC  ISOLATING  RESISTOR  PIERCE  OSCILLATOR  (2N706A) 
(All  results  obtained  using  limit  crystal) 


Effect  of 

Change 

+15%  B+  Change 
on  Oscillator 

Frequency 

Vo 

< 1 PPM 
AVq  - +15% 

-20%  B+  Change 
on  Oscillator 

Frequency 

V 

0 

-2  PPM 
AV0  = -23% 

±10%  Change  in 
Rl  on  Oscillator 

Frequency 

V 

o 

< ±1  PPM 
AV0  = ±6% 

-55°C  to  +105°C 
Change  in  T&  on 
Oscillator 

Frequency 

V 

o 

±25  PPM 

AV  = ±8% 
0 

Contribution  of 
Oscillator  Circuit 
to  Frequency 
Deviations  in 
Temperature  Test 

< ±2  PPM 

- 

Transistor  Inter- 
change (8  units, 
re  tuning  to  maxi- 
mum output 

Frequency 

V 

0 

±3  PPM 
AVq  - ±7% 

Crystal  Unit 
Interchange 

Frequency 

miscorrelation 

V 

0 

±8  PPM 

£V  = ±28% 
0 

8-29.  DESIGN  NOTES  FOR  TRANSISTOR  ANTI- RESONANCE  OSCILLATORS, 

1 KC  TO  500  KC 

No  design  work  has  been  carried  out  in  this  frequency  range,  and  the 
following  discussion  should  be  regarded  as  a suggestion  of  how  the  design  pro- 
cess devised  for  the  0.8  to  20  MC  range  may  be  adapted  to  produce  suitable 
designs  in  a part  of  this  range. 

The  major  characteristics  of  the  military  type  anti-resonance  crystal 
units  applicable  to  the  16  KC  to  500  KC  range  are  given'  in  Table  8-3.  There 
are  no  military  anti-resonance  crystal  units  below  16  KC,  but  crystal  units 
having  characteristics  similar  to  those  presented  in  Table  8-3  for  the  range 
from  1 to  16  KC  are  obtainable. 

Comparison  of  the  characteristics  presented  in  Table  8-3  with  those 
previously  given  for  the  0.8  to  20  MC  range  shows  that  in  the  90  to  500  KC  range  the 
crystal  unit  impedance  levels  are  increased  by  roughly  one  order  of  magnitude 
and  the  dissipation  rating  reduced  by  a factor  of  5 relative  to  those  in  the  0.8  to 
2 MC  range.  And  below  100  KC  the  relative  impedance  levels  are  increased  by 
about  2 orders  of  magnitude  while  the  dissipation  rating  is  comparably  decreased. 
This  in  general  means  that  the  permissible  jt  network  input  signal  voltage  is 
comparable  to  that  applying  in  the  0.8  to  20  MC  range. 

xp 

The  range  of  values  of  the  ratio  2 — is  somewhat  wider,  ranging 

Re  max 

from  40  to  2.5  in  the  frequency  range  of  1 to  16  KC,  4.5  to  0.89  in  the  16  to  100 
KC  range,  and  18  to  1.9  in  the  90  to  500  KC  range. 

The  increase  in  the  crystal  unit  impedance  level  also  causes  a similar 
increase  in  that  of  the  77  network  and,  since  the  input  resistance  of  a common 
emitter  amplifier  at  these  frequencies  is  essentially  the  same  as  that  obtaining 
at  the  lower  frequencies  of  the  0.8  to  20  MC  when  using  transistors  with  current 
gain-bandwidth  products  of  100  MC  or  more,  an  increase  in  their  network  atten- 
uation results.  However,  the  77  network  input  impedance  is  also  increased,  in 
turn  increasing  the  amplifier  load  impedance  level,  resulting  in  an  increased 
amplifier  voltage  gain.  These  tend  to  compensate  to  a great  extent  as  shown  by 
the  following  partial  design  calculation  for  a 500-KC  basic  Pierce  oscillator. 

The  crystal  characteristics  are 

Re  max  ~ 8.5  K,  PCMax  = 2 xe 


- 16  K, 


X. 


xe  max 


= 1.9. 
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TABLE  8-3.  ANTI- RESONANCE  CRYSTAL  UNIT  CHARACTERISTICS, 

1 KC  TO  500  KC 


1 


Crystal 

Holder 

Type 

HC-13/U 

HC-21/U 

HC-13/U 

HC-16/U 

HC-6/U 

HC-6/U 

HC-21/U 

IIC-13/U 

HC-6/U 

HC-6/U 

Crystal 

Unit 

Type 

CR-38A/U 

CR-15B/U 

CR-37A/U 

CR-43/U 

CR-46A/U 

CR-63A/U 

CR-29A/U 

CR-42A/U 

CR-47A/U 

CR-57/U 

Loading 

Capacitance 

(PF) 

20 

20 

32 

20 

45 

20 

20 

32 

32 

20 

32 

Dissipation 

Rating 

(MW) 

0.01 

0.1 

2 

2 

2 

2 

2 

i n 

• 

M M O 

Equivalent 

Resistance 

(Kilohms) 

200 

110  to  90 
5 to  6 
5 and  5 . 5 
3 

5.3  to  8.5 
5.3  to  8.5 

5 to  6 
4 . 5 and  5 
5.3  to  8.5 
3 

Overall 
Frequency 
Tolerance 
(±%)  / 

0.015 

0.012 

0.01 

0.02 

0.01 

0.01 

0.015 

LED  TYPES 

0.002 

0.003 

0.002 

0.001 

Temperature 

Range 

(°C) 

-40  to  +70 
-40  to  +70 
-40  to  +70 
-40  to  +70 
-30  to  +75 
-40  to  +85 
-55  to  +90 

URE  CONTROL 

70  to  80 
70  to  80 
70  to  80 
80  to  90 

Frequency 

Range 

(KC) 

1-16 
16  - 100 
*80  - 200 
90  - 250 
*80  - 860 
*200  - 500 
200  - 500 

TEMPERAT 

*80  - 200 
90  - 250 
200  - 500 
*500 
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For 


i x 
’ Leff 


8.5  K,  RE 


XLeff 

max 


= 23  K,  Ka  - 4.7, 


min 


I 


C 


7 K>  Vomax  = 5-9  VRMS* 
1.2  MA,  VCE  = 8 VDC. 


For  a transistor  type  having  hEE  m^n  = 15  and  using  an  emitter  degen- 
eration resistor  of  30  ohms,  rg  + rE  « 50  ohms  and  Rjn(p)  « 800  ohms.  Then 
Xcs  = 133  ohms,  Ay  = 0.0033,  Gy  = 460,  and  GyL  = 1.5. 

This  is  the  worst  design  case  in  the  90  to  500  KC  range,  and  similar 
designs  should  therefore  be  feasible  at  the  lower  frequencies.  It  may  be  neces- 
sary to  increase  the  transistor  collector  current  to  achieve  a minimum  current 
gain  of  15  if  the  less  costly  types  are  employed.  This  may  in  turn  cause  an 
appreciable  amplifier  input  resistance  due  to  the  biasing  network. 


Below  90  KC,  the  total  load  impedance  will  be  comparable  with  the 
transistor  output  impedance,  and  the  amplifier  voltage  gain  will  not  be  as  large 
as  expected.  This  can  be  improved  by  employing  a larger  emitter  degeneration 
resistor  which  will  reduce  the  amplifier  voltage  gain,  increase  its  input  resist- 
ance, and  allow  a decrease  in  the  it  network  attenuation.  However,  the  base 
biasing  network  input  resistance  may  then  be  a limiting  factor  preventing  a suit- 
able loop  voltage  gain  from  being  attained.  There  are  several  possible  methods 
of  reducing  this  effect  such  as,  for  example,  bootstrapping  the  base  resistors 
AC -wise  to  the  transistor  emitter  or  using  two  transistors  in  a Darlington  con- 
nection (emitter  follower  driving  the  common  emitter  amplifier),  thereby  reduc- 
ing the  first  stage  DC  base  current  requirements  and  increasing  the  amplifier 
input  resistance  by  a factor  of  approximately  hFEmin- 

The  isolating  resistor  Pierce  appears  feasible  iif  the  90  to  500  KC  range, 
provided  that  the  transistor  type  has  a high  minimum  common  emitter  current 
gain.  Judging  by  quick  calculations  feasible  designs  should  be  obtainable  for 
hpEmin  values  °f  50  or  more.  This  configuration  does  not  appear  to  be  practi- 
cable below  90  KC,  except  in  multiple  transistor  designs. 
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SECTION  9 

VACUUM  TUBE  ANTI- RESONANCE  OSCILLATOR  DESIGN 


9-1.  INTRODUCTION 

The  anti -resonance  crystal  unit  is  suited  for  use  in  the  circuits  of  Figure 
9-1.  In  the  circuit  shown  in  Figure  9-l(a),  the  amplifier  output  resistance  and 
load  can  be  considered  as  reflected  in  parallel  with  the  amplifier  input  by  the 
impedance  transforming  network  consisting  of  Cj  and  C2.  The  effective  capaci- 
tance of  Cj  and  C2  in  series  operating  in  conjunction  with  C3  then  transforms 
the  combined  input  and  output  resistance  of  the  amplifier  to  a suitable  terminat- 
ing level  for  the  crystal  unit.  The  amplifier  is  required  to  have  a nominal  zero 
phase  shift  and  is  usually  in  the  form  of  a cathode  follower. 

In  the  circuit  of  Figure  9-1  (b)  the  crystal  unit  operates  as  the  inductive 
element  of  a tt  network  of  the  type  analyzed  in  Paragraph  1-10,  where  the  im- 
pedance transforming  action  is  discussed  in  detail.  In  this  circuit  the  amplifier 
is  required  to  have  nominal  phase  inverting  properties  and  is  usually  in  the  form 
of  a common  cathode  amplifier. 

A useful  variant  of  this  circuit  is  obtained  by  interposing  a resistor  be- 
tween then  network  and  the  amplifier  output,  as  shown  in  Figure  9-l{c).  One 
advantage  of  this  circuit  relative  to  that  of  Figure  8-l(b)  is  the  increased  output 
power  that  can  be  obtained  for  a comparable  crystal  unit  loading  or,  alternatively, 
the  reduction  in  loading  that  can  be  obtained  for  comparable  output  power.  How- 
ever, the  major  advantage  in  tube  oscillators  is  the  larger  allowable  plate  signal 
voltage  in  this  circuit.  Over  a substantial  portion  of  the  frequency  range  the 
characteristics  of  crystal  units  are  such  that,  in  the  circuits  of  Figure  9-l(a) 
and  (b),  it  is  necessary  to  limit  the  plate  signal  voltage  to  less  than  10  VRMS  in 
order  to  avoid  exceeding  the  crystal  unit  dissipation  rating.  This  is  difficult  to 
achieve  with  conventional  tubes  if  the  tube  is  to  provide  the  limiting  action,  with- 
out sacrificing  the  desirable  characteristics  of  the  amplifier.  In  the  circuit  of 
Figure  9-l(c)  the  allowable  plate  signal  voltage  is  approximately  doubled  rela- 
tive to  that  of  the  other  two  and  therefore  gives  considerable  relief  in  this  respect 
This  subject  is  dealt  with  in  more  detail  in  the  subsequent  discussion. 

The  circuits  of  Figure  9-1  (a)  and  (b)  are  often  referred  to  as  the  Pierce 
type  oscillator  after  their  originator.  In  order  to  distinguish  them  from  the  cir- 
cuit of  Figure  9-l(c),  which  is  a variant  of  these  circuits,  they  will  be  referred 
to  here  as  the  "basic"  Pierce  oscillator  and  the  circuit  of  Figure  9-l(c)  will  be 
referred  to  as  the  "isolating  resistor"  Pierce  oscillator. 


There  is  another  method  of  using  an  anti-resonant  crystal  unit  where  it 
is  connected  in  series  with  a capacitor  having  the  specified  value  of  loading 
capacitance  C^.  This  series  combination  behaves  in  essentially  the  same  man- 
ner as  a series  type  crystal  unit,  and  the  design  of  the  oscillator  circuit  becomes 
essentially  that  of  a series  oscillator.  For  this  type  of  circuit,  reference  should 
be  made  to  the  appropriate  handbook  section  dealing  with  the  design  of  series 
oscillators  in  the  particular  frequency  range  of  interest. 

The  characteristics  of  crystal  units  vary  drastically  across  the  frequency 
range,  and  it  is  impractical  to  discuss  the  design  of  this  type  of  oscillator  at  all 
frequencies  simultaneously.  The  discussion  is  therefore  divided  into  three  parts 
dealing  with  the  frequency  ranges  of  1 to  100  KC,  90  to  500  KC,  and  800  KC  to 
20  MC.  The  latter  is  probably  the  most  used  range  and  is  presented  first. 

9-2.  TRIODE  ANTI-RESONANCE  OSCILLATOR  DESIGN,  0.8  TO  20  MC 

RANGE 

9-3.  Crystal  Unit  Characteristics 

The  available  crystal  unit  types  and  their  more  pertinent  characteristics 
are  given  in  Table  9-1.  More  detailed  information  is  contained  in  MIL-C-3098, 
Supplement  1.  With  the  exceptions  of  the  CR-33A/U  and  the  CR-71/U,  these  are 
all  fundamental  mode  crystal  units  having  similar  characteristics  in  those  fre- 
quency regions  where  overlap  occurs.  The  CR-33A/U  is  a special  application 
unit  which  should  not  be  used  in  new  military  equipments  without  governmental 
permission  (see  Table  1-5). 

The  CR-71/U  is  a fifth  overtone  unit  intended  for  use  in  high-precision 
crystal  oscillators.  This  type  of  oscillator  requires  special  circuit  provisions 
such  as  close  tolerance  crystal  unit  temperature  control,  automatic  gain  control 
to  maintain  crystal  dissipation  virtually  constant,  and  well  regulated  supply  volt- 
age. This  type  of  operation  is  beyond  the  scope  of  this  discussion,  and  this  crys- 
tal unit  is  only  included  to  give  complete  coverage  of  the  crystal  unit  types 
available. 

Below  2.9  MC  for  wide  temperature  applications  there  is  no  real  choice 
of  crystal  units  available  to  the  designer.  The  CR-18A/U  and  CR58A/U  units 
have  identical  performance  characteristics,  and  the  sole  difference  is  in  the 
holder  pin-size.  Above  2.9  MC  for  wide  temperature  range  applications,  there 
is  a choice  of  three  overall  frequency  tolerances:  ±0.002  percent  (CR-69/U), 
±0.0025  percent  (CR-66/U),  and  0.005  percent  (CR-78/U,  CR-18A/U,  and  CR- 
64/U).  The  CR-66/U  gives  a 2-to-l  improvement  in  overall  frequency  tolerance 
over  the  other  types  above  3 MC.  However,  greater  care  is  required  in  its 
manufacture,  and  a higher  cost  can  be  expected. 
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TABLE  9-1.  ANTI-RESONANCE  CRYSTAL  UNITS,  0.8  TO  25-MC  RANGE 


Crystal 

Holder 

Type 

HC-G/U 

HC-17/U 

HC-18/U 

HC-6/U 

HC-25/U 

IIC-18/U 

HC-6/U 

HC-6/U 

HC-6/U 

HC-6/U 

HC-6/U 

HC-30/U 

Crystal 

Unit 

Type 

CR-18A/U 

CR-58A/U 

CR-69/U 

CR-66/U 

CR-78/U 

CR-64/U 

CR-33A/U 

CR-27A/U 

CR-36A/U 

CR-62/U 

CR-68/U 

CR-71/U 

Max. 

Co 

(PF) 

7 

.7 

7 

7 

7 

7 

12 

t> 

Loading 

Capacitance 

(PF) 

32 

32 

30 

30 

30 

30 

32 

32 

32 

32 

32 

32 

Dissipation 

Rating 

(MW) 

10  and  5 
10  and  5 
5 

10  and  5 
5 
5 

2.5 

5 and  2.5 
5 and  2.5 
5 and  2 . 5 
5 

Equivalent 

Resistance 

3 

625  to  20 
625  to  20 
175  to  25 
60  to  25 
175  to  25 
120  to  25 
65  to  17 

S 

625  to  20 
625  to  20 
600  to  20 
40  to  15 
100  to  175 

Overall 

Frequency 

Tolerance 

(±%) 

1 

'lNGE  TYPE* 

0.005 

0.005 

0.002 

0.0025 

0.005 

0.005 

0.005 

i 

LLED  TYPE 

0.002 

0.002 

0.001 

0.002 

0.00008 

Temperature 

Range 

(°C) 

PERATURE  IP 

-55  to  +105 
-55  to  +105 
-55  to  +105 
-55  to  +105 
-55  to  +105 
-55  to  +105 
-55  to  +105 

"URE  CONTRO 

+70  to  +80 
+80  to  +90 
+70  to  +80 
+70  to  +80 
±0.5 

(65  to  77°C) 

Frequency 

Range 

(MC) 

' 

WIDE  TEM 

0.8  to  20 
0.8  to  20 
2.9  to  20 
3 to  20 

3 to  20 

4 to  20 
10  to  25 

TEMPERA3 

0.8  to  20 
0.8  to  20 
0.8  to  20 
3 to  20 
4.5  to  5.5 
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Among  the  temperature  controlled  units,  the  CR-62/U  gives  the  best 
overall  frequency  tolerance.  However,  its  comparatively  low  operating  tempera- 
ture only  allows  its  use  in  applications  where  the  ambient  temperature  does  not 
exceed  approximately  65°C.  The  higher  temperature  types  can  be  used  in 
ambient  temperatures  of  up  to  approximately  75°C,  but  at  the  expense  of  a 
doubling  of  the  overall  frequency  tolerance. 

The  crystal  unit  maximum  equivalent  resistance  varies  considerably  as 
a function  of  frequency,  as  shown  in  Figure  9-2  for  the  CR-18A/U  and  the  CR- 
84/U  types.  These  plots  are  also  representative  of  Re  max  in  the  other  available 
types.  The  minimum  value  of  equivalent  resistance  likely  to  be  encountered  is 
perhaps  1/9  Re  max. 

These  units  are  designed  to  operate  in  conjunction  with  either  a 30  or  32 
PF  loading  capacitance,  depending  on  type.  The  magnitude  of  this  value  of  capa- 
citive reactance  Xcl  is  therefore  equal  to  the  inductive  reactance  of  the  crystal 
unit  Xe  at  its  operating  frequency.  This  is  an  important  design  parameter,  and 
the  variation  of  Xe  or  Xc  L across  the  frequency  range  is  given  in  Figure  9-3  for 
future  refe  rence . 


Figure  9-2.  Variation  of  Re  max  With  Frequency 
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Figure  9-3.  Value  of  or  Xe  for  a 30  or  32  PF  Loading  Capacitor 

The  actual  anti-resonance  frequency  f'aof  the  crystal  unit  and  loading 
capacitance  combination  is  critically  determined  by  the  value  of  Cl-  In  practice, 
a part  of  Cl  is  contributed  by  the  amplifier  portion  of  the  oscillator  circuit,  and 
this  part  varies  in  response  to  changes  in  the  circuit  operating  conditions.  It  is 
therefore  desirable  to  know  the  sensitivity  of  the  anti -resonance  frequency  to 
changes  in  Cl  in  order  to  assess  the  precautions  to  be  taken  to  hold  the  change 
of  f'a  to  a suitable  value.  This  relationship  was  determined  experimentally  for 
several  CR-18A/U  crystal  units  using  a Cl  meter,  and  the  results  are  given  in 
Table  9-2.  It  appears  from  these  results  that,  over  the  greater  part  of  the  fre- 
quency range,  a change  of  f'a  of  3 PPM  per  percent  change  in  Cl  can  be  expected. 
This  appears  to  decrease  by  a factor  of  3 at  the  very  low  frequencies  of  the  range. 

The  asterisks  in  Table  9-2  denote  simulated  "worst-case"  crystal  units 
where  the  equivalent  resistance  is  made  up  to  the  maximum  value  Re  max  by  the 
addition  of  a series  resistance.  At  the  lower  frequencies  this  had  no  noticeable 
effect  on  the  frequency  change  obtained,  but  at  20  MC  a marked  increase  resulted. 
However,  the  introduction  of  a series  resistance  when  testing  with  the  Cl  meter 
at  this  frequency  is  rather  cumbersome  since  the  loading  capacitor  is  in  the  form 
of  a plug-in  unit  into  which,  in  turn,  the  crystal  is  designed  to  plug.  Adding 
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TABLE  9-2.  CHANGE  IN  f'a  DUE  TO  CL  CHANGE 


Crystal  Unit 
Frequency  (MC) 

Re  (Ohms) 

Change  in  fa  (PPM) 
for  1-PF  Change  in 
Cl  (32  PF  Nominal) 

Change  in  fa  (PPM) 
Per  Percent  Change 
in  Cl 

1 

230 

3 

1 

* 1 

600 

3 

1 

3 

35 

6 

2 

3 

14 

8 

3 

5 

24 

9 

3 

* 5 

60 

8 

2.7 

13 

9 

8 

2.7 

20 

8 

8 

2.  7 

*20 

20 

12  - 21 

4-7 

* 

Artificially  constructed  "worst-case1 

units 

the  makeup  resistor  into  this  circuit  as  a temporary  measure  inevitably  involves 
long  lead  lengths,  and  it  is  suspected  that  this  influenced  the  results  obtained, 
since  the  frequency  change  varied  over  the  range  indicated  in  Table  9-2  depend- 
ing on  the  sequence  of  the  added  resistor,  the  crystal  unit,  and  the  loading 
capacitor  in  the  circuit.  This  set  of  values  should  therefore  be  discounted,  and 
it  appears  probable  that  a 3 PPM  change  in  f'a  per  percent  change  of  Cl  can  also 
be  expected  at  this  frequency. 

It  is  evident  from  the  values  quoted  for  the  sensitivity  of  f'a  to  changes  in 
Cl  that  the  latter  should  not  vary  appreciably  if  the  miscorrelation  between  cry- 
stal unit  and  oscillator  frequencies  is  to  be  small.  A 4 percent  change  in  Cl  will 
cause  a frequency  miscorrelation  of  approximately  12  PPM.  This  will  probably 
be  adequate  when  a ±50  PPM  crystal  unit  is  employed.  When  a ±25  PPM  crystal 
unit  is  used,  however,  it  may,  in  many  cases,  be  desirable  to  substantially  re- 
duce this  error  in  order  to  obtain  maximum  benefit  from  the  decreased  tolerance. 
The  method  used  to  reduce  the  effect  of  that  part  of  CL  contributed  by  the  ampli- 
fier is  to  introduce  a relatively  large  parallel  swamping  capacitor  which  reduces 
the  variations  of  C^ 


The  remaining  portion  of  Cl  is  made  up  of  physical  capacitors,  and  it 
is  desirable  that  these  should  be  silver  mica  or  other  stable,  low  temperature 
coefficient  type  capacitors  if  the  temperature  characteristics  of  the  oscillator 
are  to  approach  those  of  the  crystal  unit. 


An  important  design  parameter  is  the  ratio 

-xr  .tv 


XLeff 


Xe 


*e  max 


XLeff  must  always 


represents  the  limiting  value  of 


be  smaller  than  Xe,  and  therefore  ~- 
„ -“e  max 

— — eff  . A plot  of  the  former  is  given  in  Figure  9-4  for  the  CR-18A/U  crystal 
^e  max 

unit  for  subsequent  reference. 


FREQUENCY (MC) 


Figure  9-4.  Variation  of  ■ Xe—  ■ With  Frequency  for  a CR-18A/U 

max 

Crystal  Unit 

9-4.  Oscillator  Configuration 

The  relatively  low  allowable  crystal  unit  drive  voltage  and  the  inherently 
large  linear  signal  handling  capabilities  of  a vacuum  tube  amplifier  make  the 
design  of  a basic  Pierce  type  oscillator  difficult  at  all  but  the  lowest  frequencies 
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of  this  range  if  crystal  unit  overdrive  is  to  be  avoided.  To  illustrate  this,  the 
crystal  7T  network  analysis  of  Paragraph  1-10  shows  that  the  allowable  plate 
signal  voltage  in  a basic  Pierce  circuit  for  the  given  loading  conditions  is: 


V^A  ~ /PCMAX 


R 


e max 


1 + 


XLeff  \2 


*e  max 


(9-1) 


The  characteristics  of  the  CR-18A/U  crystal  unit  are  representative  of  the  other 
applicable  crystal  types,  and  substituting  the  values  of  PcMAX  and  Re  max  given 

X T ff 

in  the  specification  sheet  into  Equation  (9-1)  for  various  values  of  ^ re- 

rte  max 


suits  in  the  values  of  given  in  Table  9-3. 


TABLE  9-3.  VALUES  OF  VffA  FOR  A CR-18A/U  CRYSTAL  UNIT 
AT  VARIOUS  FREQUENCIES  AS  A FUNCTION  OF 


*e  max 


XLeff 
^e  max 

VttA  (RMS) 

800  KC 

2 MC 

3 MC 

5 MC 

10  MC 

20  MC 

2 

5.6 

5 

12.7 

8.5 

6.3 

4 

2.5 

1.6 

6 

10.5 

7.5 

4.8 

3.0 

1.9 

8 

8.4 

6.3 

4,0 

2.6 

10 

10.5 

7.8 

4.9 

3.2 

13 

10 

4.5 

4.1 

20 

7.0 

the  ratios  of 


The  largest  ratios  of  ^ 

Xe 


XLeff 


for  which  values  of  V7ta  are  given  approach 


Rc 


e max 

plotted  in  Figure  9-4  and  are  therefore  representative  of 


ve  max 

the  maximum  usable  values,  since  XLeff  is  always  smaller  than  Xe.  Therefore, 
the  largest  values  of  Vjta  given  in  any  column  of  Table  9-1  is  indicative  of  the 


maximum  allowable  plate  signal  voltage  at  that  particular  frequency.  In  the 
range  up  to  10  MC,  therefore,  the  permissible  plate  signal  voltage  is  approxi- 
mately 8 to  10  VRMS.  Above  10  MC,  this  decreases  further  due  to  both  PcMAX 
and  Re  max  decreasing,  and  at  20  MC  the  allowable  plate  signal  voltage  is 
reduced  to  4 VRMS.  The  relatively  large  DC  plate  voltage  levels  required  in 
conventional  vacuum  tubes  makes  it  difficult  to  bias  the  tube  so  that  limiting 
holds  the  plate  signal  voltage  to  these  levels.  To  do  this  it  is  necessary  to 
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operate  the  tube  under  very  low  DG  plate  voltage  conditions  where  the  variability 
of  characteristics  between  individual  tubes  of  the  same  type  is  likely  to  be  large. 

At  all  frequencies,  therefore,  the  basic  Pierce  circuit  will  require  criti- 
cal amplifier  biasing  if  conventional  tubes  are  employed.  It  does  not  appear 
possible  to  determine  the  bias  conditions  that  will  be  required  from  data  sheets, 
and  consequently  the  design  approach  must  be  largely  experimental.  This  is  not 
a desirable  basis  on  which  to  develop  a design  procedure. 

The  alternatives  are: 

(a)  To  use  a diode  circuit  to  provide  plate  signal  voltage  limiting. 

(b)  To  use  low  voltage  tubes  where  the  ratio  of  plate  bias  voltage  to 
signal  voltage  will  be  reduced,  resulting  in  good  limiting  at  these 
levels. 

(c)  To  use  the  isolating  resistor  Pierce  circuit  which  relaxes  the 
limitation  on  plate  voltage  swing  and  also  allows  a considerable 
increase  in  oscillator  output  power,  if  desired. 

Alternative  (a)  requires  additional  circuitry  and  a relatively  expensive 
diode,  particularly  above  10  MC,  if  operation  above  80°C  is  contemplated. 
Alternative  (b)  requires  the  use  of  28  Y subminiature  tubes  which  also  require 
a 28  V filament  supply.  These  tubes  are  relatively  expensive,  and  quite  often 
a 28  V filament  supply  will  not  be  available.  Alternative  (c)  requires  an  addi- 
tional tuned  circuit. 

The  relative  merits  of  these  alternative  approaches  will  depend  greatly 
on  the  application.  Both  (a)  and  (b)  are  restricted  to  output  voltage  levels  of 
less  than  , and  for  the  given  crystal  loading,  to  power  outputs  of  less  than  : 
one-half  of  the  crystal  dissipation  rating.  Alternative  (c)  is  capable  of  an  output 
voltage  of  twice  and  greatly  increased  power  output  for  the  same  crystal 
loading  or,  alternatively,  for  power  outputs  comparable  to  the  basic  Pierce,  the 
crystal  loading  can  be  reduced.  Therefore,  in  general,  alternative  (c)  gives 
increased  design  flexibility,  and  this  is  the  design  approach  presented.  The 
oscillator  circuit  is  then  of  the  form  shown  in  Figure  9-5. 

9-5.  Grounded-Cathode  Triode  Amplifier  Characteristics 

a.  Voltage  Gain 

The  small  signal  voltage  gain  of  a tuned-plate  grounded-cathode  tri- 
ode amplifier  is: 
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GV  - R^TR^r  (9-2: 

where  M is  the  tube  amplification  factor,  Rp  the  plate  resistance,  and  Rrp  is  the 
total  plate  circuit  resistance. 

b.  Input  Impedance 

The  input  impedance  appearing  at  the  tube  control  grid  consists  of 
three  parts,  one  of  which  is  due  to  feedback  from  the  plate  to  the  grid  via  the 
grid-to -plate  capacitance  Cpg.  The  other  two  parts  consist  of  the  grid  leak 
resistor  Rg  and  the  grid-to-cathode  capacitance  Cg^.  For  the  low  power  types 
of  triode  suitable  for  use  in  Pierce  type  oscillators,  the  grid-cathode  capaci- 
tance is  normally  in  the  range  of  2 to  5 PF,  and  the  maximum  permissible  grid 
leak  resistor  value  is  generally  1 megohm,  and  occasionally  2 megohms. 

The  third  and  most  important  part  of  the  grid  input  impedance  is 
reactive  if  the  plate  signal  is  in  phase  opposition  to  the  grid  voltage,  but  has  a 
resistive  component  if  the  voltage  phase  angle  deviates  from  this  value.  This 
behavior  of  the  amplifier  is  termed  the  "Miller  effect"  and  can  be  analyzed  with 
the  aid  of  Figure  9-6.  Assuming  that  the  reactance  of  Cpg  is  large  relative  to 
the  plate  circuit  impedance  consisting  of  the  parallel  combination  of  the  tuning 
elements,  the  reflected  total  oscillator  load  Rp,  and  the  plate  resistance  of  the 
tube  Rp,  the  current  flowing  through  Cpg  is: 


fCpg  (Vin  ) . jtcCpg  (9-3) 

But 

v0  - Gv  • Vln  (9-4) 
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Figure  9-6.  Circuit  Illustrating  Miller  Effect 

where  Gv  is  the  voltage  gain  from  grid  to  plate. 

Therefore: 

ICpg  = Vin(l-Gv)  • jO)Cpg  (9-5) 

The  input  admittance  of  the  amplifier  due  to  feedback  is  then: 

YM  = (1-Gv)  ■ jtoCpg  (9-6) 

When  the  plate  voltage  is  in  phase  opposition  to  Vin,  Gv  is  a real  negative 
quantity  and  the  amplifier  input  admittance  due  to  feedback  is  then: 

Ym  = (1  + Gv  ) • jUJCpg  (9-7) 

That  is,  a capacitance  Cm  approximately  equal  to  Gy  • Cpg  appears  across  the 
amplifier  input  terminals  due  to  the  feedback  effect. 

If  the  plate  voltage  deviates  by  an  angle  0 from  phase  opposition  to 
Vin,  the  amplifier  input  admittance  is  then: 

Ym  = [l  + Gy  (cos  0 + 3 sin  0)J  • jtoCpg  (9-8) 

Assuming  that  Gv  » 1 and  that  0 is  10  degrees  or  less,  Equation  (9-8)  can  be 
approximated  as: 

Ym  « Gy  (1  + j 0)  * jtoCpg  (9-9) 

where  0 is  in  radians. 
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Equation  (9-9)  shows  that  when  the  plate  signal  deviates  from  phase 
opposition  to  V[n,  a parallel  input  resistive  component  Rm  appears  across  the 
amplifier  input,  in  addition  to  the  capacitive  component.  The  value  of  this  re- 
sistance is: 


RM 


1 

0 |Gv|-  wCpg 


0 Gv 


(9-10) 


The  relative  values  of  these  parallel  impedance  components  can  be  obtained  by- 
noting  that  Xcm,  the  parallel  reactive  component, is: 


xCm 


XCPS 

Gy 


(9-11) 


Therefore : 

XCM 

Rm 


0 (radians) 


(9-12) 


Therefore,  for  plate  voltage  phase  deviation  of  6 and  10  degrees,  Rm  will  be 
approximately  10  Xqm  and  6.5  Xc^,  respectively. 


The  amplifier  input  impedance  therefore  consists  of  four  parallel 
components:  Cm,  Cg^,  Rg,and  R^j.  Cm  and  Cg^  form  part  of  the  77  network 
terminating  capacitance  Cg,and  Rg  and  Rm  load  the  rr  network.  These  effects 
are  subsequently  discussed  in  detail. 

c.  Output  Impedance 


The  output  impedance  of  the  amplifier  as  seen  by  the  plate  circuit 
consists  of  the  tube  plate  resistance  Rp  in  parallel  with  the  grid-plate  capaci- 
tance Cpg,  the  plate -cathode  capacitance  Cpk,  and  stray  and  tube  socket  capa- 
citance. 

9-6.  Crystal  n Network  Characteristics 

The  crystal  77  network  analysis  of  Section  1 gives  the  following  relation- 
ships between  the  77  network  parameters  for  the  specified  crystal  unit  loading 
conditions. 


The  voltage  attenuation  is: 


where 


Ay 


XCS 

kA  • xLeff 


Ka 


R _ Re  max 
xCt  xLeff 


(9-13) 

(9-14) 
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The  value  of  the  isolating  resistor  R relative  to  the  crystal  unit  maximum 
equivalent  resistance  Re  max  is: 


R = XLeff  _ R 
Re  max  Re  max 


(9-15) 


Xcg,  the  reactance  of  the  n network  capacitor  appearing  at  the  amplifier  input, 
is  related  to  the  amplifier  input  resistance  by  the  smaller  of  the  values  of  the 
following  equations: 


or 


*CS  ^e  max  ' ^in 


(9-16) 

(9-17) 


where  Rjn  is  the  resistance  appearing  in  parallel  with  the  amplifier  input  ter- 
minals. The  transition  condition  from  Equation  (9-16)  to  (9-17)  is  Rin  >3.6 
Rg  max-  R^n  can  always  be  made  greater  than  3.6  Re  max,  and  therefore 
Equation  (9-17)  is  the  one  to  be  employed. 


The  maximum  allowable  plate  signal  voltage  before  crystal  unit  overdrive 
occurs  is: 


V0  max  ~ ^ ® 

R 

The  values  of  Ka,  ^ , 

Ke  max 

XLeff  . 

Re  max 


-/PCMAX  • Re  max  <9-18> 

^e  max 
XC  q1 

and  — are  shown  in  Figure  9-7  as  functions  of 


9-7.  Limiting  Design  Factors 

There  are  several  factors  which  dictate  the  usable  range  of  n network 
impedance  ratios.  Of  major  importance  are  the  conditions  imposed  by  the  re- 
quirement that  the  oscillator  frequency  tolerance  should  not  be  significantly 
larger  than  the  crystal  unit  tolerance  if  the  circuit  is  to  perform  to  its  best 
advantage.  Another  requirement  is  to  ensure  that  the  crystal  unit  dissipation 
does  not  exceed  its  rating.  Conflicting  with  the  latter  is  the  condition  that  the 
plate  signal  voltage  will  need  to  be  a minimum  of,  say, 10  V RMS  and  preferably 
much  larger  because  of  the  difficulty  of  providing  amplifier  limiting  at  lower 
levels.  Thirdly,  the  network  component  values  must  be  such  that  its  input 
impedance  (which  for  the  given  loading  conditions  lies  in  the  range  of  R to  1.3  R 
for  all  values  of  XLeff/ Re. max  ) should  provide  a suitable  load  for  the  tube.  If 
the  oscillator  external  loading  is  negligible,  this  simply  means  that  R,  which 
will  then  essentially  constitute  the  entire  amplifier  load,  should  be  sufficiently 
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Figure  9-7.  Ka,  « 


Le  max 


xCt 

, and  — as  Functions  of 


XLeff 
^e  max 


large  that  an  adequate  loop  gain  is  obtained.  If  the  external  oscillator  loading  is 
heavy,  however,  and  a large  output  power  relative  to  the  crystal  unit  dissipation 
is  required,  the  value  of  R must  be  large  relative  to  Rj_,  to  provide  the  necessary 
degree  of  power  division  between  load  and  feedback  network. 


The  limitations  imposed  on  the  n network  by  the  restriction  of  the  plate 
voltage  for  a worst-case  design  to  10  V RMS  or  greater  can  be  determined 
from  Equation  (9-18)  which  can  be  rearranged  as: 


X Left  _ Vo  max 

Re  max  3 . 8^PCMAX  . 

Re  max 


(9-19) 


Equation  (9-18)  was  derived  assuming  that  the  77  network  drive  voltage  would 
remain  constant  independent  of  the  value  of  the  equivalent  resistance  of  the 
crystal  unit  in  circuit.  This  is  not  the  case  in  practice,  for  a reduction  of  Re 
results  in  a decrease  in  the  tt  network  attenuation  which  causes  a larger  ampli- 
fier drive  signal.  Due  to  the  non-ideal  limiting  characteristic  of  the  tube,  this 
in  turn  causes  an  increase  in  the  plate  signal  voltage.  For  the  given  loading 
conditions,  a maximum  crystal  unit  dissipation  occurs  when  the  crystal  equi- 
valent resistance  is  approximately  1/3  Re  rnax  and,  consequently,  when  the 
plate  signal  will  be  larger  than  for  a worst-case  design.  In  addition  variations 
in  the  limiting  characteristics  between  individual  tubes,  in  oscillator  loading, 
and  in  power  supply  voltages  may  also  cause  increases  in  the  plate  signal 
voltage.  Judging  from  experimental  results,  a 50  percent  increase  due  to  all 
causes  may  occur,  and  a suitable  value  of  Vo  max  to  use  in  Equation  (9-19)  to 

determine  the  minimum  usable  .^Leff  _ ratio  is  15  V RMS,  giving: 

Re  max 


xLeff 


*e  max  ypCMAX  ‘ Re  max 


(9-20) 


Since  Re  max  and  to  a lesser  extent  PcMAX  are  functions  of  frequency, 
XLeff 


the  usable  values  of 


change  with  the  design  frequency.  For  the  CR- 


^e  max 

18A/U  crystal  unit,  which  is  reasonably  representative  of  other  types,  the  mini- 

X t cr 

mum  usable  values  of  ^ — - — at  various  frequencies  are  as  indicated  in  Table 


Re  max 

9-4.  Comparison  of  these  values  with  the  plot  of 


XP 


given  in  Figure  9-4 


Re  max 

shows  that  over  the  greater  part  of  the  frequency  range  the  latter  values  are 
considerably  larger  and  allow  considerable  choice  in  the  selection  of  the  value  of 
XLeff 


R 


e max 


At  20  MC,  however,  the  two  ratios  are  equal,  resulting  in  an  impracti- 


cal condition.  It  is  then  necessary  either  to  use  another  means  of  limiting  such 
as  a diode  to  attempt  to  obtain  tube  limiting  below  10  V signal  level  or  resort  to 
a modified  approach, which  will  subsequently  be  described,  to  arrive  at  a feasible 
design. 
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TABLE  9-4.  MINIMUM  RATIOS  OF  ^Le—  PERMITTED  IN  77  NETWORK 

max 


Drive  Voltage  Considerations  For  CR-18A/U  Assuming  a 10  VRMS 
Plate  Signal  for  a Worst- Case  Design 

Frequency 

Re  max 

PCMAX 

Minimum 

xLeff 

max 

(MC) 

(ohms) 

(MW) 

0.8 

625 

10 

1.6 

1 

575 

10 

1.7 

3 

150 

10 

2.1 

4+  to  5 MC 

60 

10 

3.3 

7+  to  10  MC 

24 

10 

8.2 

10+  to  15  MC 

22 

5 

12 

15+ to  20  MC 

20 

5 

12.6 

9-8.  Relationship  Between  Oscillator  Frequency  Miscorrelation  and  Re 

Once  the  oscillator  is  placed  in  service  it  is  desirable  that  its  frequency 
should  stay  within  its  tolerance  over  extended  periods  of  time  without  the  need 
for  adjustments.  The  continuous  drift  of  crystal  unit  frequency  with  aging  will 
cause  the  oscillator  frequency  to  change  over  a period  of  time,  and  this  cannot 
be  counteracted.  However,  changes  in  the  crystal  unit  equivalent  resistance 
with  time  can  also  introduce  an  appreciable  additional  oscillator  frequency 
change  which  can  be  minimized  if  suitable  precautions  are  taken  in  the  design. 

It  is  also  desirable  in  many  instances  that,  once  the  oscillator  is 
initially  aligned,  the  two  most  likely  components  to  fail  (the  crystal  unit  and  the 
tube)  should  be  capable  of  replacement  without  having  to  retune  the  oscillator  to 
frequency,  and  with  a negligible  resultant  miscorrelation  of  oscillator  and  crys- 
tal unit  frequencies. 

Of  these  two  requirements,  the  latter  is  the  most  demanding,  and  an 
oscillator  fulfilling  these  conditions  will  adequately  satisfy  the  former.  The 
characteristics  of  tubes  and  crystal  units  are  such  that  the  fulfillment  of  these 
requirements  is  practicable  and  this  is  therefore  adopted  as  a design  goal. 


An  insight  into  what  is  entailed  in  stabilizing  the  oscillator  frequency 
against  the  change  of  these  components  can  be  obtained  from  consideration  of 
the  phase  angle  requirements  of  the  n network.  The  condition  required  for  the 
rr  network  to  give  a 180-degree  phase  shift  from  input  to  output  is  given  in 
Section  1 as: 

R <Xe  - xc*  - XCg  - XcT)  - Re  • XcT  (9-21) 

This  expression  can  be  rearranged  as: 

Xe  = XCg.  + XCS  + (1  + If)  XCT  (9-22) 

R,  XCjt,  and  X^-p  consist  wholly  of  physical  components  and  can  therefore  be 

made  as  stable  in  value  as  required,  but  Rg  and  that  part  of  Xcg  contributed  by 
the  amplifier  are  variable  with  crystal  unit  and  tube  changes  and  can  consequently 
change  the  value  of  the  right-hand  side  of  Equation  (9-22).  To  maintain  oscilla- 
tion, this  will  then  require  a similar  change  of  Xe  which  can  only  occur  if  the 
frequency  of  oscillation  changes.  Reference  to  Table  9-3  shows  that  over  most 
of  the  frequency  range  the  effect  of  a 1 percent  change  in  Cl  (and  hence  Xe) 
causes  a frequency  change  of  approximately  3 PPM.  It  is  therefore  desirable 
that  the  variation  of  Cs  and  Re  should  not,  at  the  most,  result  in  a total  change 
of  Xe  of  more  than,  say,  4 percent  if  the  increase  in  overall  oscillator  tolerance 
due  to  this  cause  is  to  be  comparatively  small. 

To  determine  what  is  involved  in  meeting  this  requirement,  it  is  neces- 
sary to  consider  the  worst  possible  effects  on  the  circuit  of  changing  a crystal 
unit  or  a tube.  If  crystal  units  ranging  over  the  extremes  of  characteristics 
are  inserted  in  the  circuit,  the  crystal  equivalent  resistance  may  possibly  vary 
over  a 9-to-l  range.  One  effect  of  this  will  be  to  vary  the  attenuation  of  the  tr 
network  which  will  then  cause  a compensating  change  of  the  amplifier  voltage 
gain  in  order  to  maintain  unity  loop  gain.  This,  in  turn,  will  cause  a change  in 
the  Miller  effect  input  capacitance  of  the  amplifier  and,  consequently,  in  Cs. 
t The  change  in  the  77  network  attenuation  between  extreme  values  of  Re  will  be 

from  2 to  3 times,  arid  Cm  will  vary  accordingly  by  a similar  amount. 

The  effect  of  the  variation  of  CM  on  oscillator  frequency  can  be  studied 
and  an  estimate  of  the  possible  oscillator  frequency  shift  obtained  by  assigning 
values  to  X^g  relative  to  Xe  and  determining  the  required  amplifier  gain,  as- 
suming Xcl  to  be  zero,  Ka  = 4,  and  Cl  “ 32  PF.  Then,  assuming  a typical 
value  of  Cpg  of  2 PF  and  an  amplifier  voltage  gain  variation  of  3 to  1,  approxi- 
mate values  of  Cm  for  the  extreme  amplifier  gain  conditions  can  be  calculated. 
From  this,  the  required  change  of  Xe  and  the  resultant  oscillator  frequency 
change  can  be  obtained,  assuming  a 3 PPM  frequency  change  for  a 1 percent 
change  in  Xe.  The  equations  used  in  these  calculations  are: 
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(9-23) 


XLeff 

- Xe  - xCg 

Xe 

cs 

Xcs 

Ay 

kA  • XLeff 

G V 

= Ay 

xcs 

4 ■ *Leff 


(9-24) 

(9-25) 

(9-26) 


where  Gy  is  the  actual  amplifier  voltage  gain  under  operating  conditions  when 
limiting  is  occurring. 


(max) 


G'i 


V 


'Pg 


(9-27) 


Cm  (max) 
Cm  (min)  " 3 


(9-28) 


These  calculations  are  given  in  tabular  form  in  Table  9-5  (a)  and  show 
that  for  the  assumed  conditions,  the  variations  of  Xe  to  be  expected  range  from 
4.5  percent  for  X^g  =0.5  Xe  and  Gy  = 4jto  1.8  percent  for  XQg  = 0. 1 Xe  and 
Gy  = 36,  corresponding  to  oscillator  frequency  changes  of  perhaps  14  and  5 PPM, 
respectively . 

The  set  of  values  for  Xcg  equal  to  0,1  Xe  are  close  to  the  practical  mini- 
mum obtainable  since  an  operating  amplifier  voltage  gain  of  36  corresponds  to  a 
required  small  signal  gain  of  about  50.  This  approaches  the  maximum  gain 
obtainable,  disregarding  all  other  requirements.  Other  aspects  which  reduce 
the  voltage  gain  of  the  amplifier  have  to  be  considered,  and  the  values  for  Xcg  = 
0.2  Xe,  Gy  = 16,  where  the  frequency  change  is  approximately  9 PPM,  are 
therefore  more  representative  of  what  can  be  achieved  in  practice  with  this  con- 
figuration. 

An  improvement  in  the  constancy  of  Xcg  together  with  a beneficial  reduc- 
tion in  the  required  amplifier  voltage  gain  can  be  obtained  by  introducing  the  term 
Xq^.  This  is  shown  in  Table  9-5  (b)  where  calculations  similar  to  those  given  in 
Table  9-5  (a)  but  introducing  values  of  Xq^are  presented.  These  show  that  the 
required  voltage  gain  is  then  markedly  reduced  while  the  changes  in  Xe  caused  by 
variations  of  Xcm  are,  in  the  majority  of  cases,  decreased  by  an  order  of  mag- 
nitude or  more. 
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The  variations  of  Re  will  also  cause  changes  in  the  term  l1  + Tb  giving 

rise  to  a further  variation  in  the  right-hand  side  of  Equation  (9-22).  The  extent 

of  this  effect  can  be  determined  from  the  plot  of  — - ^ given  in  Figure  9-7. 

T1  Re  max 


This  plot  shows  that  - - has  values  of  0. 13,  0.07, 0.02,  and  0.009  for 
^Leff 

ratios  of  1.6,  2,  4,  and  6,  respectively;  and  since  Rp  is  assumed  to 

Re  max  e 

vary  over  a 9-to-l  range,  these  values  are  indicative  of  the  total  fractional 


change  in  the  term 


(-f) 


that  will  occur.  X^p  can  therefore  be  regarded  as 


being  changed  by  these  amounts  which,  as  shown,  can  be  appreciable  at  low 

values  of  . Reference  to  Equation  (9-22)  and  the  quoted  values  of  ^-e 

Re  max  R 

XLeff 

shows  that  for  — ratios  greater  than  1.6,  the  range  of  values  of  the  effec- 

Re  max 

tive  values  of  XcT  is: 


where 


XLeff  < 1 + T XCT  * 1 ■ 13  XLeff 


Xe  - xc^  - XC, 


(9-29) 


(9-30) 


/ Re\  Re 

The  value  of  (1  + JX^  approaches  Xpef£  as  the  term  -g-  decreases  with  in- 


creasing values  of 


XLeff 
Re  max 


Therefore,  the  effect  on  the  oscillator  frequency  of  the  changes  in 
effective  Xcp  caused  by  variations  in  Re  is  a function  of  the  relative  values  of 

XLeff  and  Xe  as  well  as  a function  of  XLeff  relative  to  Re  max.  For  example, 

V t r*  r 

using  values  that  can  be  attained  in  practice,  if  Xt  = 0. 1 X„  and  ^ =1.6, 

c c Re  max 

the  approximate  effective  change  in  Xcp  and  the  required  change  in  Xe  are  13 

percent  and  1.3  percent,  respectively.  Alternatively,  if  XLeff  = 0.5  Xe  and 
XLeff 

•5 = 6,  the  effective  change  in  XCt  is  0.9  percent  and  the  required  change 

Re  max  1 " 

in  Xe  is  0.45  percent.  This  effect  is  therefore  relatively  small  in  the  majority 

of  cases  relative  to  that  caused  by  the  variation  of  Cjyj. 


The  effect  of  changing  tubes  is  not  likely  to  be  as  severe  as  that  of 
changing  crystal  units.  Differences  of  the  grid-plate  capacitance  will  cause 
relatively  minor  variations  of  Cm,  and  differences  of  the  tube  plate  capacitance 
may  cause  changes  in  the  amplifier  phase  angle  which  will  also  require  the 
oscillator  frequency  to  change.  This  can  be  minimized,  however,  by  making  the 
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plate  circuit  tuning  capacitance  large  relative  to  the  tube  capacitance,  and  by 
ensuring  that  the  Q of  the  circuit  is  low.  Except  for  these  precautions,  there- 
fore, the  effect  of  tube  variations  need  not  be  considered. 

The  sense  of  the  miscorrelation  errors  can  be  determined  in  the  follow- 
ing way.  A decrease  in  Re  causes  an  increase  in  Xcc  and  a resultant  increase 

in  Xe  and  oscillator  frequency.  It  also  causes  a decrease  in  the  term  (l  + 

causing  a decrease  in  Xe  and  oscillator  frequency.  The  two  effects  therefore 
act  in  opposition,  and  some  degree  of  cancellation  can  be  expected  if  the  two 
effects  are  of  comparable  magnitude. 

9-9.  Effect  of  Amplifier  Phase  Angle  on  Oscillator  Frequency  Miscorrelation 


Another  possible  cause  of  oscillator  frequency  miscorrelation  is  a shift 
of  the  amplifier  phase  angle.  Any  change  in  the  amplifier  phase  angle  will  re- 
quire a complementary  change  of  the  IT  network  phase  angle  to  maintain  a zero 
loop  phase  angle.  This  can  only  occur  if  the  effective  inductance  of  the  crystal 
unit  changes  which,  in  turn,  necessitates  a change  of  oscillator  frequency. 


In  a triode  amplifier  the  only  likely  cause  of  an  appreciable  change  in  the 
phase  angle  will  be  the  variation  of  the  LC  product  of  the  plate  tank  circuit  as  a 
function  of  temperature.  Any  drift  in  the  LC  product  will  cause  the  tank  circuit 
to  resonate  at  a frequency  higher  or  lower  than  the  crystal  unit  frequency,  and 
consequently  it  will  introduce  either  a phase  lead  or  lag  at  the  oscillator  frequency. 
The  magnitude  of  the  phase  shift  is  also  a function  of  the  loaded  Q of  the  tank 
circuit,  a low  Q circuit  causing  a smaller  phase  shift  for  a given  change  in  the-^x 
LC  product  than  would  a higher  Q circuit. 

The  relationship  between  the  oscillator  miscorrelation  and  amplifier  'Xv 
phase  angle  can  be  approximately  determined  from  the  operating  characteristics 
ot  the  77  network,  and  the  results  can  then  be  used  to  obtain  desirable  tank  circuit 
Q values. 


Equation  (1-85)  can  be  rewritten  as  follows  for  phase  angles'of  10  degrees 
or  less,  assigning  to  Re  its  maximum  value: 


XLeff  ~ Xqt  ~ XCT 
^e  max  R 

0 

1 + ^CT  _ XLeff 
R Re  max 

where  0 is  in  radians . 


(9-31) 
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Reference  to  column  2 of  Table  1-7  shows  that  the  term 


XCT  XLeff 


R Re  max 

in  the  denominator  of  Equation  (9-31)  is  always  less  than  0.33  for  all  values  of 
XLeff 

Re  max’  anc^  Rleref°re  the  v network  phase  angle  expression  can  be  crudely 
approximated  as: 


0 


xLeff  _ 

Re  max  Re  max 


XCt  Xc-p 


R 


(9-32) 


The  value  of 


XCt 


R 


e max 


is  obtained  by  setting  0 equal  to  0,  giving: 


Ji£T_  . _XLe«  - 2E£l  (9-33 

Re  max  Re  max  R 

These  are  the  7T  network  parameter  relationships  when  the  amplifier 
phase  shift  is  180  degrees.  Referring  to  Equation  (9-32),  if  an  amplifier  phase 
change  occurs,  die  only  quantity  on  the  right-hand  side  of  this  expression  that 
can  change  to  satisfy  the  equation  is  XLeff-  Denoting  the  new  value  as  (1  + A) 
XLeff ) the  fractional  change  in  XLeff  is  then: 


AXLeff  = 0 

XLeff  XCt  XCt 

R Re  max 


But 

AXe  _ XLeff 
AXLeff  Xe 

Therefore: 

AXe  6 ( XLeffV  1 

Xe  ' V xe  / xcT  xCt 



R Re  max 

,,  XLeff  Re  max 

- 0 • • 

Xe  Xe 


(9-34) 


(9-35) 


(9-36) 


The  fractional  change  in  Xe  for  a given  phase  angle  is,  therefore,  directly  pro- 
XLeff 

portional  to  , and  the  smaller  the  value  of  XLeff  is  relative  to  Xe,  the 

smaller  will  be  the  resulting  oscillator  frequency  change  due  to  a change  in  the 
loop  phase  shift. 


The  extent  of  the  effect  on  oscillator  miscorrelation  can  be  judged  from 

Table  9-6  which  gives  values  of  calculated  from  Equation  (9-36)  for  a 10- 

Xe 

degree  amplifier  phase  change  and  the  resulting  estimated  oscillator  frequency 
change.  It  appears  from  these  values  that  the  amplifier  phase  change  should 
be  limited  to  10  or  15  degrees  if  the  oscillator  frequency  miscorrelation  due  to 
this  cause  is  to  be  kept  within  reasonable  bounds. 


TABLE  9-6.  OSCILLATOR  MISCORRELATION  CAUSED  BY  A 10-DEGREE 

AMPLIFIER  PHASE  CHANGE 


0 

- 0.17  radian  (approximately  10  degrees) 

xLeff 

Xe 

^e 

Af 

(PPM) 

Xe 

Re  max 

Xe 

(%> 

0.9 

20 

0.76 

2 

0.9 

10 

1.5 

5 

0.8 

20 

0.68 

2 

0.8 

10 

1.4 

4 

0.6 

12 

0.51 

2 

0.6 

6 

1.0 

3 

0.4 

10 

0.7 

2 

0.4 

5 

1.4 

4 

0.2 

4 

0.85 

2 

0.2 

2 

1.7 

5 

0.1 

2 

0.85 

2 

9-10.  Maximum  Plate  Circuit  Q 

The  plate  circuit  of  the  tube  can  be  regarded  as  a parallel  combination 
of  R^  and  Rp  and  the  tuning  reactances  L and  C.  The  admittance  of  this  network 
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is  therefore: 


Y - 


Rt  + Rp 
Rt  • Rp 


' SSL 


Rt  + Rp 

= e +j 


“c  f1  -(t 


*Y 


rt.rp  J W 

where  OJ  is  the  oscillator  frequency  and: 


W°  LC 


Therefore,  for  small  phase  angles: 


RT  • Rp 
Rt  + Rp 


. wC 


\ a. 


to  ) 


Ql 


(Uo 
V « 


where  Ql  is  the  tank  circuit  loaded  Q. 


(9-37) 


(9-38) 


(9-39) 


When  ferrite  cores  are  used  in  inductors,  it  is  difficult  to  obtain  an  LC 
product  stability  of  better  than  250  PPM  per  degree  C unless  temperature  com- 
pensation is  employed.  Over  the  temperature  range  of  -55°C  to  +105°C  this 
constitutes  about  a ±2  percent  change  in  LC  and  a ±1  percent  change  in  resonant 
frequency.  Introducing  this  variation  of  0)o  into  Equation  (9-39)  together  with 
0 = 10  degrees  and  transposing  gives  the  maximum  value  of  Ql  as: 

Maximum  Ql  = 17  (9-40) 

That  is,  the  plate  circuit  Q should  not  be  greater  than  17  if  the  oscillator  mis- 
correlation  error  is  not  to  increase  unduly  due  to  temperature  effects  in  the 
plate  tank  circuit.  This  is  close  to  the  upper  limit  if  compensation  techniques 
are  not  to  be  used,  and  a preferable  value  would  be,  say,  10.  This  would  then 
make  the  selection  of  the  tuning  elements  uncritical. 

Operation  of  the  tank  circuit  under  low  Q conditions  often  requires  that 
the  tuning  capacitance  be  relatively  small.  If  it  is  made  too  small,  however,  the 
variations  of  output  capacitance  between  tubes  will  introduce  a miscorrelation 
error.  A total  tuning  capacitance  of  around  15  to  20  PF  appears  sufficient  to 
swamp  these  variations  adequately  and  can  be  considered  as  a suitable  minimum 
value . 


432 


9-11.  Relationship  Between  Cg  and  the  Amplifier  Input  Impedance 


The  effect  of  the  Miller  capacitance  Cm  on  the  value  of  Cs  has  been  pre- 
viously discussed  in  detaiL,  and  attention  is  confined  here  to  the  relationship 
between  X^g,  Rg,  and  Rm-  From  Equation  (9-17)  the  value  of  amplifier  input 


resistance  that  will  cause  negligible  crystal  unit  loading  is: 


*in 


> 


IQXCg 

Re  max 


(9-41) 


where  Rjn  is  the  parallel  combination  of  Rg  and  Rj^. 


That  part  of  Rin  contributed  by  the  grid  leak  resistor  can  always  be  made 
sufficiently  large  to  have  a negligible  effect  by  assigning  to  Rg  a value  of,  say: 


30  XCS 
■^e  max 


(9-42) 


This  component  can  then  be  ignored,  and  the  condition  placed  on  Rm  is  that: 


rM  - 


2 

IQXCs 

Re  max 


(9-43) 


Or,  substituting  for  Rm  into  Equation  (9-12),  the  allowable  amplifier  phase 
angle  is: 


XCM  • Re  max 
2 

10Xcs 


(9-44) 


For  the  majority  of  designs  the  allowable  amplifier  phase  angle  dictated 
by  oscillator  miscorrelation  will  be  smaller  than  the  value  given  by  Equation 
(9-44).  In  some  cases,  however,  this  may  not  be  the  case,  and  the  plate  circuit 
loaded  Q will  then  need  to  be  reduced  accordingly  to  meet  this  requirement  if 
the  crystal  unit  loading  due  to  Rm  is  to  be  negligible. 

9-12.  BASIC  DESIGN  APPROACH 


Reference  to  the  fourth  line  of  Table  9-5  (a)  shows  that  for  Xcg  = 0. 2 Xe 
and  Cpg  = 2 PF,  GV  is  16  and  the  expected  change  of  frequency  due  to  changes  of 
Cg  is  approximately  10  PPM.  This  is  indicative  of  the  total  frequency  shift  ex- 

pected,  since  for  these  conditions  e — is  always  greater  than  6 and  the 

it 


change  in  the  term 


(■*« 


e max 


Xcq>  will  be  1 percent  or  less.  For  any  practical 
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value  of  Xct?  therefore,  the  resultant  frequency  change  will  be  less  than  3 PPM 
and,  because  this  change  is  in  the  opposite  sense  to  that  caused  by  changes  in 
Cg,  it  will  tend  to  reduce  rather  than  increase  the  frequency  shift. 

This  expected  total  frequency  raiscorrelation  of  approximately  10  PPM 
is  confirmed  by  experimental  results  obtained  for  oscillators  operating  under 
these  conditions,  which  show  miscorrelations  of  from  4 to  7 PPM  for  a 3-to-l 
range  of  values  of  Re.  This  can  be  expected  to  double  for  the  assumed  9-to-l 
range  of  Re- 

For  these  conditions  the  required  closed  loop  amplifier  voltage  gain  is 
16,  requiring  a small  signal  amplifier  gain  of  20  or  more  to  ensure  oscillation. 
This  is  within  the  capabilities  of  the  high  low  Rp  tubes,  and  this  set  of  oscil- 
lator relationships  is  therefore  practicable. 

In  many  applications  an  overall  oscillator  frequency  tolerance  of  ±60 
PPM  will  be  adequate,  and  this  will  be  possible  in  a circuit  having  the  relation- 
ships given  in  the  fourth  line  of  Table  9-5  (a),  using  a crystal  unit  with  a ±50 
PPM  overall  frequency  tolerance.  This  approach  results  in  a simple  design 
procedure  which  is  applicable  at  all  frequencies  of  the  range,  except  possibly  at 
the  very  highest  frequencies  where  the  limitations  placed  on  the  amplifier  plate 
signal  voltage  may  cause  difficulties. 

If  the  required  overall  oscillator  frequency  tolerance  lies  between  ±35 
and  ±50  PPM,  this  can  be  obtained  with  the  basic  approach  at  frequencies  above 
3 MC  using  the  ±25  PPM  tolerance  CR-66/U  or  CR-69/U  crystal  units.  But  if  a 
smaller  tolerance  approaching  more  closely  that  of  the  crystal  unit  is  required, 
it  will  be  necessary  to  introduce  the  series  capacitor  Cg  into  the  design.  The 
design  procedure  is  then  complicated  by  the  addition  of  another  variable,  and 
this  can  probably  best  be  treated  as  a modification  of  the  basic  approach;  the 
basic  design  first  being  determined  to  serve  as  a starting  point,  followed  by  a 
modifying  process  to  introduce  the  component  changes  necessary  to  reduce  the 
frequency  miscorrelation.  This  is  the  approach  subsequently  adopted.  This  is 
also  the  approach  to  be  adopted  below  10  MC  if  for  some  reason  an  intermediate 
/i  triode  is  preferred  for  the  design.  In  this  case  Cg.  is  used  in  order  to  reduce 
the  77  network  attenuation  to  a value  compatible  with  the  available  amplifier 
voltage  gain. 

9-13.  BASIC  DESIGN  PROCEDURE 

Step  1 

Select  the  crystal  unit  type  on  the  basis  of  its  overall  frequency  tolerance, 
noting  that  the  overall  oscillator  tolerance  can  be  expected  to  be  from,  say,  ±3 
PPM  to  ±10  PPM  larger  depending  on  the  sophistication  of  the  final  design. 
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Tabulate  the  values  of  Re  max,  P^  anc^  anc*  calculate: 

Xe(  = XCL) 

X 

e 

R 

e max 

Step  2 

The  values  of  XCg  and  X^  are  selected  as  0.2  Xe  (Cg  = 160  PF)  and  0, 
respectively.  If  a closer  oscillator  frequency  tolerance  than  the  selected  crys- 
tal unit  tolerance  ±10  PPM  is  necessary  or  an  intermediate  ^ tube  is  to  be  used, 
this  will  only  be  a preliminary  selection.  Calculate: 

XLeff  = Xe-XCg  = 0.8  Xe 

XLeff  = °-8  Xe 

R R 

e max  e max 

The  allowable  plate  signal  voltage  for  a worst-case  design  is: 


(9-45) 

(9-46) 


V/  = 2.5  — Leff  y? 

v o max  R 


R - 3 


e max 

2 

xLeff 
Re  max 


CMAX  e max 


(R  can  also  be  obtained  from  the  curve  of  — 

XT  cff  R 

appropriate  value  of  — J-ieu  . ) 

Re  max 


R 


(9-47) 
(9-48) 

plotted  in  Figure  9-7  at  the 


e max 


The  7T  network  input  resistance  will  be: 


RFB  = 1-33  R 


R. 


X = X /(I  H e ma^i  \ 

XCT.  XLeff/(1  R } 


(9-49) 

(9-50) 


(Xgrp  will  be  within  1 percent  of  X_  and  therefore  C will  be  approximately 
40  PF.)  6 
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Step  3 


Select  a triode  on  the  following  basis: 


(a)  The  H of  the  tube  should  preferably  be  at  least  50. 


(b)  In  general,  in  order  that  the  amplifier  will  be  capable  of  driving 
the  feedback  network  and  a reasonable  external  load,  the  plate 
resistance  at  the  chosen  operating  point  should  be  less  than  30  K 
for  design  frequencies  of  2 MC  or  less,  20  K or  less  at  design 
frequencies  between  2 and  5 MC,  15  K or  less  from  5 to  10  MC, 
and  less  than  10  K above  10  MC.  The  quoted  values  are  based  on 
the  load  presented  by  the  feedback  network  to  the  amplifier.  If 
high  power  output  is  required,  lower  values  of  plate  resistance 
will  probably  be  needed. 


(c)  The  grid-plate  capacitance  should  be  as  small  as  possible.  This 

procedure  is  based  on  a maximum  Cp^  (including  strays)  of  2 PF. 

The  use  of  a tube  with  a larger  Cpg  wall  probably  result  in  a wider 

overall  oscillator  frequency  tolerance. 

» 

At  frequencies  below  10  MC  a large  number  of  tube  types  are  suitable 
since  the  requirements  placed  on  the  tube  are  not  stringent.  The  allowable  plate 
signal  voltage  is  then  sufficiently  large  that  the  triode  DC  plate  and  grid  bias 
voltage  can  be  selected  to  optimize  the  plate  resistance  and  amplifier  gain,  and 
it  is  a relatively  easy  matter  to  meet  the  amplifier  requirements.  Above  10  MC, 
however,  the  allowable  plate  signal  voltage  decreases  rapidly,  and  it  becomes 
increasingly  difficult  to  obtain  sufficient  limiting  action.  This  entails  operating 
the  tube  at  low  DC  plate  voltage  which  tends  to  increase  the  plate  resistance, 
making  it  then  more  difficult  to  obtain  the  required  amplifier  gain,  particularly 
since  the  feedback  network  input  resistance  is  relatively  small  at  these  fre- 
quencies. Above  10  MC  it  is  therefore  necessary  that  the  plate  resistance  be 
small,  and  this  severely  restricts  the  number  of  tube  types  available  for  selec- 
tion. It  is  possible  to  gain  relief  in  this  respect  at  the  expense  of  a larger  oscil- 
lator miscorrelation  by  increasing  R and  , thereby  allowing  higher  R tubes 

to  be  employed.  This  is  treated  in  Paragraph  9-19. 


Table  9-7  gives  a listing  of  triode  types  and  their  typical  characteristics 
to  illustrate  the  range  of  characteristics  available. 

Step  4 


From  the  tube  characteristic  curves  given  in  the  data  sheet,  determine 
a suitable  working  point  and  the  total  plate  load  Rp  which  will  result  in  an  ampli- 
fier small  signal  voltage  gain  of  from  20  to  24,  using  the  formula: 
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(9-51) 


Rp 

Gv  = 

Several  possible  plate  voltage  and  grid  bias  points  will  probably  have  to  be  inves- 
tigated before  a suitable  operating  point  is  found. 


TABLE  9-7 

TYPICAL  TRIODE  CHARACTERISTICS 


TUBE  TYPE 

U 

<K) 

Ip 

(MA) 

vp 

CgP 

(PF) 

Sub -Miniature 

5977 

16 

3.6 

10 

100 

1.3 

*6111 

20 

4 

8.5 

100 

1.5 

*5798 

24 

7 

2 

30 

1.7 

5718 

27 

4.7 

9 

100 

1.3 

5635 

38 

10 

5 

100 

1.2 

6169 

55 

8.5 

11 

180 

1.6 

6112 

70 

28 

2 

150 

1 

Miniature 

6072 

16 

10 

4 

140 

1.5 

*5687 

17 

2 

23 

180 

4 

6135  (6C4) 

17 

8 

11 

250 

1.4 

6350 

18 

4 

11 

150 

3.2 

*5963 

21 

7 

9 

70 

1.5 

5844 

28 

8 

5 

100 

2.7 

*5964 

39 

7 

9.5 

100 

1.3 

*5965 

47 

7 

9 

150 

3 

6193 

6201 

55 

8.5 

12 

180 

1.5 

(12AT7) 

60 

14 

3 

100 

1.6 

6CW4 

60 

6 

8 f; 

110 

0.9 

6ES4 

5751 

57 

9 

5 

150 

0.4 

(12AX7) 

70 

58 

0.8 

100 

1.4 

*Dual  Triodes 
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The  worst-case  design  plate  voltage  swing,  and  hence  the  tube  operating 
point,  can  be  estimated  with  reasonable  accuracy  from  a load  line  with  a slope 
of  -Rj  drawn  on  the  plate  characteristic  of  the  tube  if  the  plate  voltage  negative 
peak  swing  is  more  than,  say,  20  volts.  The  expected  peak  negative  voltage 
swing  is  then  the  voltage  difference  between  the  quiescent  plate  bias  point  and 
the  intersection  of  the  load  line,  with  the  plate  characteristic  curve  for  VG  equal 
to  0. 


The  positive  plate  voltage  swing  will  be  of  similar  amplitude  due  to  the 
action  of  the  plate  tank  circuit  and,  since  the  limiting  is  only  slight  in  a worst- 
case  design,  the  plate  RMS  voltage  is  approximately  0.7  times  the  negative  peak 
swing.  When  designing  for  lower  plate  signal  voltages,  the  accuracy  with  which 
the  plate  voltage  swing  can  be  estimated  decreases  rapidly.  The  tube  operating 
conditions  determined  as  described  above  should  then  only  be  regarded  as  an 
approximate  indication  of  where  the  tube  should  be  operated.  In  all  probability 
it  will  then  be  necessary  to  experimentally  adjust  the  tube  bias  conditions  to 
obtain  the  required  plate  signal  voltage. 


At  design  frequencies  above  10  MC  it  will  probably  be  necessary  to  con- 
fine attention  to  the  region  of  plate  voltages  of  70  to  120  VDC  and  grid  bias  volt- 
ages in  the  vicinity  of  -1  VDC,  the  former  being  dictated  by  the  signal  limiting 
requirements  and  the  latter  by  the  need  to  minimize  Rp  in  order  to  obtain  the 
required  gain. 


The  value  of  Rp  must,  of  course,  be  smaller  than  RpB  for  a feasible 
design  and  should  be  much  smaller  if  high  oscillator  power  output  is  desired. 
The  value  of  the  external  oscillator  load  resistance  reflected  into  the  plate  cir- 
cuit is: 


R 


L 


RT  ‘ rfb 
RFB  " RL 


(9-52) 


The  estimated  oscillator  power  output  is  then: 


(9-53) 


Step  5 

The  remaining  amplifier  component  values  are  calculated  as  follows: 
The  minimum  grid  leak  resistor  value  is: 
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(9-54) 


Minimum 


R„ 


10  xL 

max 


Larger  values  of  Rg  are  permissible,  and  varying  R is  a convenient 
method  of  adjusting  the  plate  signal  voltage  amplitude  when  this  is  critical. 
Increasing  Rp.  tends  to  decrease  the  plate  signal  voltage  amplitude. 


The  allowable  maximum  amplifier  phase  angle  before  Rj£  significantly  ■, 
loads  the  crystal  unit  can  be  rearranged  for  the  basic  approach  by  substituting 
for  the  relative  values  of  C^,  Cg,  and  as: 


e max 

Xe 


(9-55) 


where  C is  in  picofarads. 

The  minimum  value  of 


R 


e max 


will  be  0.125  and  therefore  for  Cpg  values 


of  2 PF  or  less,  the  allowable  plate  phase  angle  is: 
0 < 0.31  radian 


This  is  much  larger  than  the  value  of  0 dictated  by  oscillator. frequency 
mis  correlation  effects,  and  therefore  the  loading  due  to  Rj^  will  be  negligible. 
For  the  modified  design  approach  described  in  Paragraph  9-14  this  may  not  be 
the  case  if  X^-*  is  reduced  significantly. 


The  cathode  biasing  resistor  value  is  obtained  from: 


(9-56) 


This  is  the  maximum  value  of  Rj,,  and  smaller  values  are  permissible  if  in- 
creased amplifier  voltage  is  found  to  be  necessary  during  the  design  evaluation. 
The  minimum  value  of  Rpr  is  determined  by  considerations  of  the  tube  dissipa- 
tion. It  is  desirable  that  the  tube  should  not  be  damaged  if  oscillation  ceases  due 
either  to  a crystal  unit  failure  or  to  the  withdrawal  of  the  crystal  unit  from  the 
circuit.  Rj^  should,  therefore,  always  be  sufficiently  large  to  ensure  that  neither 
the  maximum  plate  current  nor  dissipation  ratings  are  exceeded  under  quiescent 
conditions. 


The  resistance  appearing  at  the  cathode  of  the  tube  is  R^  in  parallel  with 
the  cathode  input  resistance  of  the  tube.  The  value  of  the  latter  is: 
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(9-57) 


ftp  + % 

K y + 


• The  total  cathode  input  resistance  is  then: 

■ . rK  \ 

^ " rK  + ®K 


(9-58) 


The  reactance  of  the  cathode  decoupling  capacitor  should  be  small  compared  to 
to  avoid  causing'  a phase  shift  of  the  amplifier  output  voltage  relative  to  - Vin- 
This  effect  will  be  negligible  if  the  reactance  of  the  decoupling  capacitor  satis- 
fies the  following  relationship: 

t 

Xk  * ^ (9-59) 


The  value  of  the  capacitor  placed  in  parallel  with  the  amplifier  input  to 
give  a total  Cg  equal  to  160  PF  is  approximately: 

i 

Physical  Cg  « 160  - (Gy  + 1)  Cpg  - Cgj£  (9-60) 

where  G'y  is  equal  to  Ay. 

This  calculated  value  is  only  approximate,  and  an  adjustment  of  its  value  will 
probably  be  required  during  the  design  evaluation  to  give  correlation  of  oscilla- 
tor and  crystal  unit  frequencies. 

The  plate  circuit  tuning  inductance  is  calculated  by  assuming  a value  for 
the  total  tuning  capacitance.  A value  of  10  to  15  PF  is  a suitable  minimum  value 
of  tuning  capacitance  for  this  calculation.  The  Q of  the  inductor  should  be  suf- 
ficiently large  that  the  effective  parallel  resistance  of  the  coil  is  at  least  30  times 
R-g.  If  a lower  Q coil  is  used,  it  will  be  necessary  to  correct  for  this  by  appro- 
priately increasing  to  maintain  constant  at  the  calculated  value.  The 
loaded  plate  circuit  Q should  preferably  be  less  than  17  unless  either  a more 
stable  inductor  or  temperature  compensation  is  used. 

The  basic  design  procedure  is  now  complete.  If  the  assumed  oscillator 
frequency  tolerance  of  ±10  PPM  larger  than  that  of  the  selected  crystal  unit 
type  is  adequate  and  the  estimated  minimum  output  power  is  reasonably  close  to 
that  required,  refer  to  Step  6 which  deals  with  experimental  aspects  of  the  de- 
sign. If  these  conditions  are  not  adequate,  refer  to  Step  7. 

Step  6 

Construct  a breadboard  circuit  of  the  oscillator  using  the  calculated  com- 
ponent values . 
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Determine  the  equivalent  resistance  and  anti-resonance  frequency  of 
several  crystal  units.  This  is  preferably  done  using  the  appropriate  crystal 
impedance  meter,  but  if  a Cl  meter  is  unobtainable,  one  of  the  other  methods 
outlined  in  Section  1 may  be  used. 

Construct  a worst-case  crystal  unit  by  adding  a resistor  in  series  with 
one  of  the  crystal  units  to  increase  its  equivalent  resistance  to  Re  max. . ■ 

Insert  one  of  the  lower  Re  crystal  units  into  the  circuit  and  tune  the  plate 
circuit  to  obtain  oscillation. 

After  obtaining  satisfactory  oscillation,  insert  the  simulated  worst-case 
unit  into  the  circuit  and  retune  the  plate  circuit  if  necessary.  If  oscillation  is 
not  obtained,  the  amplifier  gain  is  probably  inadequate.  This  can  be  remedied 
by  decreasing  the  cathode  bias  resistor,  providing  the  tube  ratings  are  not 
exceeded. 

When  oscillation  is  established  with  the  worst-case  crystal  unit,  several 
tubes  should  be  substituted  into  the  amplifier  and  the  plate  signal  voltages  noted. 
If  they  are  larger  than  the  allowable  value  previously  calculated,  it  may  be  pos- 
sible to  reduce  the  plate  voltage  to  a safe  value  by  increasing  the  grid  bias  resis- 
tor. If  this  method  is  not  satisfactory,  it  will  be  necessary  to  re-bias  the  tube 
at  a lower  plate  voltage. 

When  satisfactory  limiting  is  obtained,  the  oscillator  miscorrelation 
error  is  dealt  with  by  adjusting  the  value  of  Cg.  With  the  plate  circuit  tuned  to 
resonance,  adjustments  are  made  to  Cg  until  the  miscorrelation  error  is  reduced 
to  a few  parts  per  million.  The  other  crystal  units  are  then  substituted  into  the 
circuit  and  a final  adjustment  made  to  Cg  to  optimize  the  miscorrelation  error 
for  all  crystal  units. 

Step  7 

If  a lower  overall  oscillator  frequency  miscorrelation  than  that  given  by 
the  basic  design  is  required,  this  can  be  obtained  by  introducing  a capacitor  in 
series  with  the  crystal  unit,  providing  that  the  allowable  plate  signal  voltage  is 
then  still  sufficiently  large. 

Table  9-5(b)  gives  sets  of  data  for  various  relative  values  of  in- 

cluding the  predicted  frequency  shift  in  parts  per  million.  To  design  this  type 
of  oscillator  it  will  be  necessary  to  perform  similar  but  extended  calculations 

Re 

to  give  the  values  of  R,  the  predicted  frequency  change  due  to  the  term  (1  + 
and  the  allowable  plate  signal  voltage,  to  arrive  at  a suitable  set  of  n network 
relationships . 
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Taking  the  CR-18A/U  crystal  unit  as  representative  of  the  other  types, 
reference  to  Tables  9-4  and  9-5(b)  and  to  Figure  9-4  shows  that  up  to  10  MC 

xLeff 


Above  10  MC,  how- 


there  is  a wide  choice  in  the  selection  of  the  ratio 

XL  ff  Ke  max 

ever,  the  minimum  value  of  dictated  by  plate  signal  voltage  considera- 


tions approaches 


e max 

and  the  series  capacitor  cannot  then  be  used  to  de- 


^e  max 

crease  the  frequency  miscorrelation  except  by  limiting  the  plate  voltage  swing 
to  less  than  10  VRMS.  It  will  then  probably  be  necessary  to  introduce  a limit- 
ing circuit  to  prevent  crystal  overdrive.  One  circuit  which  is  suitable  for  this 
purpose  consists  of  a diode  connected  as  shown  in  Figure  9-8.  The  diode  is 
reverse-biased  by  the  voltage  drop  across  the  resistor  R and  only  conducts 
when  the  instantaneous  signal  voltage  equals  the  reverse  bias  voltage.  When 
conduction  occurs,  the  diode  loads  the  amplifier  heavily,  stabilizing  the  signal 
amplitude.  The  diode  reverse-bias  voltage  should  therefore  be  approximately 
equal  to  the  required  peak  signal  voltage. 


DIODE 


Figure  9-8.  Diode  Limiter  Circuit 


Referring  to  Table  9-5(b)  the  n network  conditions  given  in  the  fifth  or 
seventh  lines  should  give  acceptable  miscorrelation  errors  when  using  the  lower 
tolerance  crystal  units  in  the  mid-range  frequencies  and  also  at  the  higher  fre- 
quencies if  diode  limiting  is  used.  The  tt  network  conditions  given  in  the  fifth 
line  would  also  be  particularly  applicable  when  either  a larger  oscillator  output 
power  is  required  or  if  the  use  of  an  intermediate  \i  triode  is  contemplated,  since 
an  amplifier  small  signal  gain  of  only  11  or  12  is  required. 

The  design  procedure  is  the  same  as  the  basic  procedure  once  a selec- 
tion of  it  network  parameters  has  been  made.  The  following  examples  illustrate 
the  process. 
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Tube  Characteristics,  12AT7 

For  Ep  = 200  VDC  and  Ip  = 6 MA,  VG  = -2  VDC,  Rp  = 14  K,  ji  = 60. 
Then  for  Up  = 8 K,  Gy  = 22,  and  the  estimated  worst-case  design,  plate  sig- 
nal voltage  is  37  V RMS.  Then,  RL  = 8.6  K,  Pp  « 160  MW,  Rg  s 50  K, 

Rj£  = 330  ohms,  r^  = 370  ohms,  r^  = 170  ohms,  < 3.5  ohms,  Cj^  = 

0.1  UF.  Physical  Cg  ~ 130  PF. 


9-16.  5-MC  Design  Example  (Basic  Design  Procedure) 


Re  max  = 60  ohms 

XLeff  = 800  °^ms 

PCMAX  = 10 

xos  = 1 K 

CT  =.  32  PF 
J.J 

hXls«  =13.33 
Re  max 

Xe  = 1 K 

: v;  max  - 26  v RMS 

X 

= 16.7 

R 

Vo  max  = 39  V 

e max 
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Crystal  Unit  Characteristics,  CR-18A/U  (Cont) 


Xn  = 800  ohms 
CT  = 40  PF 
Tube  Characteristics,  12AT7 

For  Ep  = 150  VDC,  Ip  = 4 MA,  VG  = -1.6  V,  p = 60,  Rp  = 15  K . 
For  R^  = 7.5  K,  Gy  = 20.  The  estimated  worst-case  design  plate  signal 
voltage  is  25  V RMS.  RL  = 9.5  K,  PL  « TO  MV£  Rg  2 24  K,  RK  = 400  ohms. 
rK  = 370  ohms>  rK  = 190  ohrnsj  xk  s 4 oiirns*  CK  2 0.01  UF. 

9-17.  20-MC  Design  Example  (Basic  Design  Procedure) 


R = 32  K 
Rpg  = 43  K 


Crystal  Unit  Characteristics,  CR-18A/U 

D — 

e max 

20  ohms  -g  = 

10 

P 

tte  max 

5 MW  / 

CMAX 

V 

8 V RMS 

CL  = 

o max 

32  PF 

R - 

6 K 

Xe  = 

250  ohms 

xe 

rfb 

8 K 

C 

max 

12.5 

XC  = 
CT 

200  ohms 

XLeff  = 

200  ohms  C,^  = 

40  PF 

xr  = 
cs 

50  ohms 

Tube  Characteristics,  6CW4 


For  Ep  = 75  VDC  and  ^ = 5 MA,  VG  = -0.7  VDC,  jj,  = 60,  Rp  - 7 K. 
Then  for  Rj  = 3.5  K,  Gy  = 20,  and  the  estimated  worst-case  design  plate 

signal  voltage  is  13  V RMS.  This  is  larger  than  V and  will  necessitate 

& b o max 

bias  adjustment  to  reduce  it  to  the  required  level.  Then,  R^  = 6.2  K.  P^ 

(when  VQ  reduced  to  VQ  max)  = 10  MW,  2 4 K,  R^  = 140  ohms,  rK  = 

175  ohms,  r^r  ■=  80  ohms,  Xj^  s 1.6  ohms,  Cj^  = 0.01  UF.  Physical 

Cg  « 140  PF. 
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5-MC  Design  Calculation  (Low  Mis  correlation) 


Crystal  Unit  Characteristics.  CR-66/U 


Re  max  50 

X0  = 1060  ohms 

PCMAX  ~ 10  RIW 

X 

R 6 = 21 

CT  = 30  PF 

Li 

•^e  max 

77  network  conditions: 


XLeff 


XLeff 
Re  max 


0.4  X = 424  ohms 
e 

£ 

n 

0.5  Xe  = 

0.1  Xe  = 106  ohms  (C^  = 

60  PF,  Cg 

= 300  PF) 

0.4  X^ 

/ 

V 

15  V RMS 

e 

o max 

75  PF 

R = 

10.7  K 

8.4 

%B  = 

14  K 

Tube  Characteristics.  6CW4 


530  ohms 


For  Ep  = 100  VDC  and, Ip  = 8 MADC,  VQ  = -0.7  VDC,  Rp  = 6 K, 
p ~ 65.  Cpg  = 1 PF.  Then  for  Up  = 3.5  K,  Gy  = 24,  and  the  worst-case 
design  plate  signal  voltage  is  14  V RMS.  Then  RL  = 4.7  K,  PL  =42  MW, 

Rg  s 7 K,  Rj£  = 90  ohms, r^  = 150  ohms,  r^  = 56  ohms,  X^r  = 1 ohm, 

Cj^  2 0.03  UF.  Physical  Cg  « 300  PF. 

Estimated  Af  due  to  « 1 PPM 

Rp 

Estimated  Af  due  to  — « 1 PPM 
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9-19.  A METHOD  OF  RELAXING  AMPLIFIER  REQUIREMENTS  AT  HIGH 

FREQUENCIES 

At  the  extreme  high  frequencies  of  the  range  only  the  very  low  Rp  tubes 
having  Rp’s  below,  say,  8 K are  suitable  for  use  in  an  oscillator  designed  accord- 
ing to  the  basic  design  procedure.  Higher  Rp  tubes,  when  operated  with  plate 
voltages  below  100  VDC  (which  appear  necessary  to  provide  the  required  limit- 
ing), are  forced  to  operate  under  low  current  and  hence  high  Rp  conditions.  It  is 
then  usually  impossible  to  obtain  the  required  amplifier  gain  because  of  the  low 
feedback  network  input  resistance,  unless  the  external  oscillator  loading  is 
negligible. 


If  it  is  desired  to  use  such  a tube  at  these  frequencies,  it  is  possible  to 
increase  the  allowable  plate  signal  voltage  by  increasing  the  values  of  R and  Xq^ 
calculated  in  the  basic  procedure  while  decreasing  XLeff,  thereby  maintaining 
their  network  constant.  The  resulting  benefits  are  twofold.  The  allowable  plate 
signal  voltage  is  increased  which,  in  turn,  allows  the  DC  plate  voltage  and  cur- 
rent to  be  increased,  decreasing  Rp.  The  feedback  network  input  resistance  is 
increased,  thereby  reducing  its  loading  effect.  The  disadvantage  is  that  the 
oscillator  overall  frequency  tolerance  is  increased  due  to  the  increase  in  X^g* 


The  justification  for  this  approach  is  as  follows:  Reference  to  Equation 
(1-108)  shows  that  the  allowable  F network  input  voltage  may  be  expressed  as: 


vomax  VR  ' PCMAX 


(9-61) 


Therefore,  an  increase  in  R results  in  a smaller  increase  in  Vomax.  Since  it 
is  a square  root  function,  the  increase  in  Vornax  is  not  large  for  moderate 
changes  in  R.  However,  even  small  changes  in  Vomax  can  be  worthwhile  for 
the  conditions  described. 


The  new  feedback  network  attenuation  expression  can  be  determined  by 

reference  to  Equations  (9-13)  and  (9-22),  and  to  Figure  9-7.  The  plot  of  ^ R 

Xt  „fr  R_  „„„  Ke  max 

shows  that  for  all  values  of  p — - — larger  than  2.5,  - will  be  0.05 

■"e  max  R 

or  less.  From  Equation  (9-22)  it  can  then  be  seen  that  Xqt  will  be  within  5 
percent  of  XLeff*  Substituting  for  Xq  in  Equation  (9,-13)  and  rearranging 

gives:  ^ 


4V 


LLeff 


LLeff 


R 


e max 


X 


Leff 


+ R 


le  max 


(9-62) 
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X 


LLeff 


Therefore: 


is  the  input  resistance  of  the  r t network  1?^  min  as  viewed  across 


But 

^e  max  ^ 

CT  (see  Paragraph  1-16)  when  Leff  is  3 Qr  larger. 

Re 

emax 

Xcs  . *V 


'V 


min 


LLeff 


^Vmin  + ^ 


(9-63) 


The  fi  network  attenuation  calculation  can  now  be  conveniently  treated  in  two 
parts  and  the  effects  of  changing  R readily  appreciated. 

Equation  (9-61)  gives  the  allowable  77  network  input  voltage  when  R^. 
equals  R.  That  is,  when  Rg  is  less  than  Re  max  and,  consequently,  when  the 
loop  gain  is  much  greater  than  1.  Because  of  the  non-ideal  limiting  action  of 
the  tube,  it  is  therefore  necessary  to  introduce  a correction  factor  for  a worst- 
case  design.  The  allowable  plate  voltage  is  then: 


vomax  ' lA^ 


"MAX 


(9-64) 


The  remainder  of  the  design  process  is  the  same  as  for  the  basic  design 
procedure,  except  that  the  plate  circuit  loaded  Q may  be  dictated  by  the  value  of 
Rjyj.  The  following  examples  illustrate  this  approach. 

9-20.  DESIGN  EXAMPLES  USING  THE  MODIFIED  APPROACH 

9-21.  20-MC,  12AT7  Oscillator  (Modified  Approach) 

Crystal  Unit  Characteristics.  CR-18A/U 

20  ohms 

5 MW 


R, 


e max 


CT  = 32  PF 
L 


CMAX 

If  XT  ,,  = 150  ohms  , then: 
Leff 

Xp  = ioon 


Xe  = 250  ohms 


= 150  ohms 


Cc  = 


‘Leff  _ 


80  PF 
7.5 


“e  max 
Let  R = 10  K.  then  A 


CT  = 53  PF 


77  mm 


- 1.1  K 


V 


_ -1  O 

15’  r'B 


- 11  K,  V 


o max 


= 10  V RMS. 
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Tube  Characteristics,  12AT7 


For  Ep  - 100  VDC  and  Ip  = 4 MADC,  VQ  = -1  VDC,  ^ = 60,  Rp  = 

15  K.  Then  for  RT  = 7.5  K,  Gy  = 20,  and  the  estimated  worst-case  design 
plate  signal  voltage  is  11  V RMS.  Then  R^  = 22  K,  = 4.5^MW,  R~  2 15  K 
0^4  degrees,  < 7,  Rg.  = 250  ohms,  r^  = 360  ohms,  r^  = 15(f  ohms, 
XK  5 1.5  ohms,  CK  s 0.005  UF.  Physical  Cg  « 55  PF. 


9-22.  20-MC,  6 CW4  Oscillator  (Modified  Approach) 

Crystal  Unit  Characteristics.  CR-18A/U 


Re  max  = 20  ohms 


CL  = 32  PF 


PCMAX  = 5 ^ 


X = 250  ohms . 

C 


If  XT  cr  = 150  ohms,  then: 
Leri 


Xr  = 100  ohms 
US 


Cg  = 80  PF 


X 


Leff 


R. 


= 7.5 


'e  max 


Let  R = 10  K,  then:  Ay  = j-jr,  Rp,g 


Xp  = 150  ohms 
°T 

CT  - 53  PF 


min  1 . 1 K 

11  K,  V'  = 10  V RMS. 
’ 0 max 


Tube  Characteristics,  6CW4 


For  Ep  = 100  VDC  and  Ip  - 8 MA,  VG  = -0.7  VDC,  Rp  = 6 K, 

H = 65.  Then  for  Rp  = 3.5  K,  Gy  = 24,  and  the  estimated  worst-case  de- 
sign, plate  signal  voltage  is  14  V RMS.  Then  RL  = 5.1  K,  PL  = 20  MW, 

Rg  s 15  K,  0 = 8 degrees,  QL  < 13,  Rj^  = 90  ohms,  rK  = 150  ohms, 
r£  = 56  ohms,  Xj^  = 1 ohm,  C^,  s:  0.01  UF.  Physical  Cg  « 60  PF. 


9-23.  OSCILLATOR  DESIGN  EVALUATIONS 


The  five  oscillators  for  which  evaluation  data  are  presented  are  those 
designs  given  as  examples  of  the  basic  design  procedure.  The  external  effects 
for  whiclvdata  are  given  are: 

(a)  DC  supply  voltage  variation  (+15,  -20  percent) 

(b)  Heater  supply  voltage  variation  (±10  percent) 

(c)  Oscillator  load  changes  (±10  percent) 

(d)  Ambient  temperature  variation  (-55  to  +105  degrees 
Centigrade) 

The  internal  effects  for  which  data  are  given  are: 

(e)  Crystal  interchange 

(f)  . Tube  interchange 

(g)  Changes  in  C-p  and  Cg,  the  n network  terminating  capacitors 

(h)  The  increment  of  oscillator  instability  with  temperature  due  to 
the  oscillator  components  other  than  the  crystal  unit  (crystal 
unit  positioned  outside  of  temperature  chamber,  remainder  of 
oscillator  circuit  subject  to  temperature  change) 

With  the  exceptions  of  (e),  all  test  data  were  obtained  using  an  artificial 
worst-case  crystal  unit.  A suitable  value  of  resistance  was  connected  in  series 
with  a crystal  unit  to  increase  the  equivalent  resistance  of  the  combination  to 
He  max-  The  characteristics  of  this  worst-case  crystal, as  measured  in  a Cl 
meter,  are  given  in  the  list  of  crystals  contained  in  each  design  evaluation. 
Similarly,  with  the  exception  of  (f),  the  test  data  were  obtained  using  one  of  the 
triodes  having  the  lowest  gain  of  the  small  batches  of  each  type  available.  All 
these  test  results,  therefore,  are  for  a combination  of  a worst-case  crystal  and 
an  inferior  tube  and  should  be  indicative  of  the  worst  oscillator  performance 
likely  to  be  encountered  in  practice. 

The  test  frequencies  of  1,  5,  and  20  MC  cover  virtually  the  entire  fre- 
quency range  under  investigation  and  were  chosen  to  show  the  changing  influence 
of  tube  and  crystal  unit  characteristics  over  the  range.  Oscillator  design  at  20 
MC  is  particularly  emphasized  because  this  is  the  frequency  at  which  design 
conditions  are  most  critical,  due  to  the  combination  of  low  crystal  77  network 


input  impedance  and  low  allowable  crystal  dissipation.  The  three  20-MC  oscil- 
lator design  examples  are  intended  to  show  the  relative  circuit  design  require- 
ments when  using  moderately  high  and  low  plate  resistance  triodes  at  this  fre- 
quency and  also  to  show  some  of  the  possible  compromises  in  design.  The  design 
procedure  is  such  that  there  should  be  no  difficulty  in  developing  similar  designs 
at  frequencies  other  than  those  for  which  test  data  were  obtained. 

Fixed  capacitors  were  used  in  these  evaluation  oscillators.  In  practice 
a small  variable  capacitor  would  form  part  of  Cg  to  facilitate  the  initial  adjust- 
ment of  the  oscillator. 

Certain  general  conclusions  can  be  drawn  from  the  evaluation  results: 

(a)  The  worst  characteristics  of  all  the  oscillators  was  the  variation 
of  oscillator  output  power  as  a function  of  B+  supply  voltage.  This 
characteristic  is  very  poor,  particularly  for  the  20-MC  oscillators. 
This  is  due  primarily  to  the  low  loop  gains  existing  in  the  evalua- 
tion oscillators  because  of  the  combination  of  low  triode  gain  and 
worst-case  crystal  units.  In  the  case  of  the  20-MC  oscillators, 
this  is  further  complicated  by  the  necessity  of  using  low  plate  volt- 
ages to  prevent  crystal  overdrive.  In  general,  with  more  typical 
crystal  units  and  tube  combinations,  the  performance  can  be  ex- 
pected to  be  considerably  better  under  more  typical  conditions. 

But  if  this  characteristic  is  important,  it  would  be  advisable  to 
divorce  the  limiting  action  from  the  tube  by  using  a suitably  biased 
diode  to  perform  this  function.  Using  diode  limiting,  the  resulting 
oscillator  would  have  considerably  more  stable  power  output  under 
all  conditions. 

At  frequencies  below  10  MC,  the  advantages  to  be  gained  are  not 
as  great,  since  crystal  dissipation  does  not  limit  the  allowable 
plate  voltage  to  the  same  extent.  Nevertheless,  considerable 
improvement  in  power  output  stability  could  be  expected,  particu- 
larly if  a zener  diode  plus  limiter  diode  combination  is  used  to 
determine  the  limiting  voltage  level. 

(b)  Using  appropriately  chosen  values  of  crystal  it  network  terminating 
capacitors,  oscillator  frequency  miscorrelation  errors  can  be  ex- 
pected to  be  below  ±7  PPM  under  all  conditions  of  tube  and  crystal 
characteristics . 

(c)  The  effect  of  the  oscillator  circuit  other  than  the  crystal  on  the 
oscillator  overall  frequency  tolerance  with  temperature  change  is 
less  than  ±3  PPM  for  the  five  oscillators  evaluated.  This  level  of 


performance  was  obtained  without  applying  any  special  precau- 
tions with  regard  to  the  plate  circuit  tuning,  other  than  ensuring 
low  loaded  Q. 

(d)  In  view  of  the  frequency  errors  indicated  in  (b)  and  (c),  the  oscil- 
lator overall  frequency  tolerance  is  likely  to  be  no  more  than  ±10 
PPM  greater  than  that  of  the  crystal  unit. 

9-24.  1-MC  Triode  (12AT7)  Isolating  Resistor  Pierce  Oscillator  Evaluation 
Data 


This  design  was  performed  before  the  design  procedure  was  finalized, 
and  the  value  of  R employed  is  larger  than  that  obtained  in  the  design  calcula- 

r2 

_ .tj? 

(112  K)  compared  with  the 


X 


tion.  The  value  of  R used  was  equal  to  4 — 

r2  R. 


Leff 


X' 


Leff 


e max 


(84  K)  given  in  the  design  calculation,  increasing  the  required  ampli- 

Re  max 

fier  small  signal  gain  to  28.  The  tube  DC  operating  conditions  were  the  same, 
and  the  increase  in  gain  was  obtained  by  using  a total  load  resistance  of  14  K, 
giving  R^  = 15  K.  All  other  aspects  of  the  evaluation  oscillator  are  the  same  as 
given  in  the  design  example,  except  that  the  allowable  worst-case  design  plate 
signal  voltage  is  increased  to  47  VRMS  due  to  the  increase  in  R,  The  evaluation 
data  presented  should  therefore  be  indicative  of  the  performance  expected  of  an 
oscillator  constructed  according  to  the  design  example. 


The  major  difficulty  occurring  in  the  design  evaluation  was  due  to  the 
poor  quality  of  the  available  crystals.  These  all  exhibited  large  variations  of 
Re  when  subjected  to  temperature  changes.  The  effect  was  so  bad  when  they 
were  used  as  worst-case  units  that  oscillation  ceased  due  to  insufficient  loop 
gain  as  the  temperature  was  increased  or  in  some  cases  decreased,  depending 
on  which  crystal  unit  was  in  circuit.  Having  determined  that  the  effect  was  not 
due  to  the  remainder  of  the  oscillator  circuit,  qualitative  temperature  tests  were 
run  to  determine  the  variation  of  Rg  occurring.  These  tests  showed  that  the 
crystal  Re's  were  increasing  almost  100  percent;  that  is,  approximately  200  to 
300  ohms.  In  the  temperature  tests,  the  crystal  units  were  already  padded  until 
their  effective  Re  was  580  ohms  (Re  max)j  and  this  additional  increase  in  crystal 
Re  therefore  represented  an  increase  of  approximately  30  percent.  This  also 
represented  a change  in  loop  gain  of  at  least  30  percent,  a sufficient  change  to 
cause  the  oscillation  to  cease. 


The  best  of  the  crystals  was  used  to  obtain  the  temperature  curves  shown 
in  Figure  8-28.  Oscillation  ceased  at  approximately  +65°C,  but  the  curve  shows 
sufficient  agreement  with  those  obtained  at  other  frequencies  with  crystal  units  not 
having  the  marked  variation  in  Re  with  temperature,  that  it  is  possible  to  predict 
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that,  given  better  crystals,  the  temperature  characteristic  of  this  oscillator 
will  be  essentially  the  same  as  those  shown  for  the  other  oscillators  evaluated. 

The  other  problem  that  occurred  was  due  to  the  characteristics  of  the 
poorer  tubes  of  the  group  available.  These  operated  with  DC  plate  current  as 
low-  as  3 MA  when  biased  according  to  calculations  based  on  the  manufacturers 
design  curves.  R^  was  therefore  reduced  from  330  ohms  to  150  ohms  to  increase 
the  quiescent  plate  current  to  approximately  6 MA  with  the  poorer  tubes  in  cir- 
cuit. This  resulted  in  approximately  9 MA  of  quiescent  plate  current  with  the 
best  tube  in  circuit.  The  plate  current  under  oscillating  conditions  was  in  the  3 
to  6 MA  region,  depending  on  the  tube  and  crystal  qualities. 

CRYSTAL  UNITS  PARALLEL  RESONANT 


(CR-18A/U) 

FREQUENCY  (MC) 

e (ohms) 

(1) 

1.000003 

270 

(2) 

(Unit  (1)  with  300-ohm 
series  resistor  added) 

1.000003 

580 

(3) 

0.999999 

220 

(4) 

1.000003 

250 

Figure  9-9.  1-MC  Triode  Pierce  Oscillator,  Schematic  Diagram 
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f 

J 


Nominal  VQ  = 37  VRMS  Nominal  Oscillator  Frequency  = 1.000003  MC 


Results  Obtained  Using  Worst-Case  Crystal 


Effect  Of 

Change 

Test  Conditions 

+ 15%  B+ 
Change  on 
Oscillator 

Frequency 

vo 

1 PPM 
AV0  = +22% 

Rl  = 15  K,  Ef  = 6.3  V 

-20%  B+  ) 

Change  on  Frequency 
Oscillator]  ^o 

1 PPM 

AVq  = -35% 

Rl=  15  K,  Ef  = 6.3  V 

±10% 

Change  in 
Ef  on 

Oscillator 

Frequency 

Vo 

±1  PPM 
AV0  = ±3% 

rl=  15  k’  ^b11  200  v 

±10% 

Change  in 
Rl  on 
Oscillator 

Frequency 

Vo 

±1  PPM 
AVq  = ±12% 

Ef  = 6.3  V,  Ebb  = 200  V 

-55°C  to 
+105°C  , 

Change  in 

ta  on  1 

Oscillator; 

Frequency 

Vo 

See  Figure  9-10 
(Extrapolated  as 
±20  PPM) 

Ef  = 6.3  V,  Ebb  = 200  V,  RL=  15  K 

Contribution  of  Oscil- 
lator Circuit  to  Fre- 
quency Deviation  in 
Temperature  Test 

See  Figure  9-10 
(Extrapolated  as 
±3  PPM) 
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Effect  of  Tube  Changes  (Crystal  Unit  (2)) 


Tube  No. 

Oscillator  Frequency 
(MC) 

Output  Voltage 

1 

1.000002 

37 

2 

1.000002 

33 

3 

1.000002 

40 

4 

1.000002 

38 

5 

1.000001 

42 

6 

1.000001 

38 

7 

1.000001 

42 

8 

1.000002 

39 

Effect  of  Crystal  Changes  (Tube  No.  1) 


Crystal  No. 

Crystal 

Frequency  (MC) 

Oscillator 
Frequency  (MC) 

Error 

(PPM) 

Output 

Voltage 

1 

1.000003 

1.Q00006 

+3 

52 

2 

1.000003 

1.000002 

-1 

37 

3 

0.999999 

1.000004 

+ 5 ■ 

52 

4 

1.000003 

1.000004 

+ 1 

'•  52 

Effect  of  C-p  and  Cg  Variations 


Increasing  Cg  by  1 PF  results  in  a frequency  change  of  2 PPM. 
Increasing  Crp  by  1 PF  results  in  a frequency  change  of  4 PPM. 
Power  Output  Range 
90  to  180  MW 


FREQUENCY  (MC) 


CRYSTAL  EQUIVALENT  RESISTANCE  ■ R*MAX  " 575  0HMS 


Figure  9-10.  Crystal  Temperature  Curves,  1-MC  Triode  Pierce  Oscillator 

9-25.  5-MC  Triode  (12AT7)  Isolating  Resistor  Pierce  Oscillator  Evaluation 
Data 


CRYSTAL  UNITS 
(CR-18A/U) 


PARALLEL  RESONANT 

FREQUENCY  (MC)  **6  (ohms) 


(1) 

(2) 

(3) 

(4)  (Unit  (3)  with  36-ohm 
series  resistor  added) 


4.999956 

16 

4.999924 

15 

4.999973 

24 

4.999952 


60 


+ 150  VDC 


Figure  9-11.  5-MC  Triode  Pierce  Oscillator,  Schematic  Diagram 


Nominal  VQ  = 24.5  V Nominal  Oscillator  Frequency  - 4.999943  MC 


All  Results  Obtained  Using  Limit  Crystal  (No.  5) 


Effect  Of 

Change 

Test  Conditions 

+ 15%  B+ 
Change  on 
Oscillator 

Frequency 

v0 

<1  PPM 
AV0  = +10% 

Rl=  9.3  K,  Ef  = 6.3  V 

-20%  B+ 
Change  on 
Oscillator 

Frequency 

vo 

<1  PPM 
AV0  = -27% 

■ 

Rl=  9.3  K,  Ef  = 6.3  V 

±10% 

Change  in 
Ef  on 
Oscillator 

Frequency 

vo 

<±1  PPM 

AVq  - ±3% 

Rl=  9.3  K,  Ebb  = 150  V 

±10% 
Change  in 
Rl  on 
Oscillator 

Frequency 

Vo 

< ±1  PPM 
AV0  - ±10% 

Ef  = 6.3  V,  Ebb  = 150  V 

-55°C  to 
+105°C 
Change  in 

ta  on 

Oscillator 

Frequency 

Vo 

<±11  PPM 
AVC  = ±3% 

Ef  = 6.3  V,  Ehh  = 150  V,  Rl=  9.3  K 
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Nominal  VQ  = 24.5  V Nominal  Oscillator  Frequency  = 4.999943  MC 
All  Results  Obtained  Using  Limit  Crystal  (No.  5)  (Cont) 


Effect  Of 

Change 

Test  Conditions 

Contribution  of  Oscil- 
lator Circuit  to  Fre- 
quency Deviations  in 
Temperature  Test 

<±2  PPM 

Effect  of  Tube  Changes  (Crystal  Unit  (4)) 


Tube  No. 

Oscillator  Frequency 
(MC) 

Output  Voltage 

1 (Used  in  preceding  tests) 

4.999942 

25 

2 

4.999943 

23 

3 

4.999948 

23.5 

4 

4.999946 

24.5 

5 

4.999942 

28 

6 

4.999944 

25 

7 

4.999946 

27 

8 

4.999950 

25 

Effect  of  Crystal  Changes  (Tube  No.  1) 


Crystal  No. 

Crystal 

Frequency  (MC) 

Oscillator 
Frequency  (MC) 

Error 

(PPM) 

Output 

Voltage 

1 

4.999956 

4.999970 

+3 

28 

2 

4.999924 

4.999935 

+2 

28 

3 

4.999973 

4.999991 

+4 

27 

4 

4.999952 

4.999942 

-2 

24 

Effect  of  C^  and  Cg  Variations 


Increasing  Cg  by  1 PF  results  in  a frequency  change  of  -1  PPM 
Increasing  Crp  by  1 PF  results  in  a frequency  change  of  -4  PPM 

Power  Output  Range 
57  to  100  MW 
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OSCILLATOR  FREQUENCY  (MC) 


-55  -35  -15  5 25  45  65  05  105 

TP  1072- 140  TEMPERATURE  (DEGREES  CENTIGRADE) 

Figure  9-12.  Crystal  Temperature  Curves,  5-MC  Triode  Pierce  Oscillator 

9-26.  20-MC  Triode  (6CW4)  Isolating  Resistor  Pierce  Oscillator  Evaluation 

Data 


CRYSTAL  UNITS 
(CR-18A/U) 

PARALLEL  RESONANT 
FREQUENCY  (MC) 

^e  (ohms) 

(1) 

20.000270 

7 

(2) 

20.000600 

8 

(3) 

' 20.000400 

7 

(4) 

20.000200 

8 

(5)  (Unit  (4)  with  12-ohm 

20.000000 

20 

series  resistor  added) 
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+ 75  VDC 


Figure  9-13.  20-MC  Triode  Pierce  Oscillator,  Schematic  Diagram 


Nominal  Vq  = 8 VRMS  Nominal  Oscillator  Frequency  = 19.999910  MC 


All  Results  Obtained  Using  Limit  Crystal  (No.  5) 


Effect  Of 

Change 

Test  Conditions 

+ 15%  B+ 
Change  on 
Oscillator 

Frequency 

Vo 

1 PPM 
AV0  = +31% 

Rl=  6.7  K,  Ef  = 6.3  V 

-20%  B+ 
Change  on 
Oscillator 

Frequency 

Vo 

-1.5  PPM 
AVq  = -44% 

Rl  = 6.7  K,  Ef  = 6.3  V 

±10% 

Change  in 
Ef  on 

Oscillator 

Frequency 

v0 

±1.5  PPM 
AV0  = ±6% 

Rl=  6.7  K,  12^  = 75  V 

±10%  rl 

Change  on 
Oscillator 

Frequency 

Vo 

±1  PPM 
AVQ  = ±6% 

Ef  - 6.3  V,  Ehb  = 75  V 

-55°C  to 
+105°C 
Change  in 

TA  on 
Oscillator 

Frequency 

Vo 

±25  PPM 
AVq  - ±9% 

Ef  = 6.3  V,  Ebb  = 75  V,  RL=  6.3  V 
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Nominal  Vq  = 8 VRMS  Nominal  Oscillator  Frequency  = 19.999910  MC 
All  Results  Obtained  Using  Limit  Crystal  (No.  5)  (Cont) 


Effect  Of 

Change 

Test  Conditions 

Contribution  of  Oscil- 
lator Circuit  to  Fre- 
quency Deviations  in 
Temperature  Test 

±2  PPM 

Effect  of  Tube  Changes 


Tube  No. 

Oscillator  Frequency 
(MC) 

Output  Voltage 

1 (Used  in  preceding  tests) 

19.999910 

8 

2 

19.999918 

9.6 

3 

19.999900 

8.8 

4 

19.999910 

8.6 

5 

19.999925 

8.6 

Total  frequency  spread  is  less  than  2 PPM. 

Effect  of  Crystal  Changes  (Tube  No.  1) 


Crystal  No. 

Crystal 

Frequency  (MC) 

Oscillator 
Frequency  (MC) 

Error 

(PPM) 

Output 

Voltage 

1 

20.000270 

20.000230 

-2 

10  V 

2 

20.000600 

20.000610 

1 

10  V 

3 

20.000400 

20.000350 

-2.5 

10  V 

4 

20.000200 

20.000200 

0 

10  V 

5 

. 20.000000 

19.999910 

-4.5 

8 V 

Effect  of  C<p 

and  Cg  Variations 

Increasing  Cg  by  1 PF  results  in  frequency  change  of  -1.5  PPM 
Increasing  CT  by  1 PF  results  in  frequency  change  of  -14  PPM 


Power  Output  Range 
10  MW  to  20  MW 


460 


FREQUENCY  (MC> 


— 55  —35  -15  + 5 +25  +45  +65  +85  +105 

TP  1072-142  TEMPERATURE  (DEGREES  CENTIGRADE) 

Figure  9-14.  Crystal  Temperature  Curves,  20-MC  Triode  Pierce  Oscillator 

9-27.  20-MC  Triode  (6CW4)  Isolating  Resistor  Pierce  Oscillator  Evaluation 

Data  (Modified  Approach) 


CRYSTAL  UNITS 
(CR-18A/U) 

PARALLEL  RESONANT 
FREQUENCY  (MC) 

(ohms) 

(1) 

20.000270 

7 

(2) 

20.000600 

8 

(3) 

20.000400 

7 

(4) 

20.000200 

8 

(5)  (Unit  (4)  with  12-ohm 

20.000000 

20 

series  resistor  added) 
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+ 100  VDC 


Figure  9-15.  20-MC  TriodePierce  Oscillator,  Schematic  Diagram 


Nominal  VQ  = 11.4  VRMS  Nominal  Oscillator  Frequency  = 19.999890  MC 

V- 

All  Results  Obtained  Using  Limit  Crystal  (No.  5) 


Effect  Of 

Change 

Test  Conditions 

+ 15%  B+ 
Change  on 
Oscillator 

Frequency 

V 

0 

<1  PPM 
AVq  = +29% 

Rl  = 5.1  K,  Ef  - 6.3  V 

-20%  B+ 
Change  on 
Oscillator 

F requency 
Vo 

-1  PPM 

AV0  = -45% 

Rl=  5.1  K,  Ef  = 6.3  V 

±10% 

Change  in 
Ef  on 
Oscillator 

L 

Frequency 

vo 

< ±1  PPM 
AVq  = ±3.5% 

Rl=  5.1  K,  = 100  V 

±10% 

Change  in 
Rl  on 
Oscillator 

Frequency 

Vo 

<±1  PPM 

AVq=  ±3.5% 

Ef  - 6.3  V,  Ehh  - 100  V 

-55°C  to 
+105°C 
Change  in 
TA  on 
Oscillator 

Frequency 

v0 

±24  PPM 
AV0  = ±11% 

Ef  = 6.3  V,  Ebb=  100  V,  RL  = 5.1  K 
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Nominal  VQ  = 11.4  VRMS  Nominal  Oscillator  Frequency  = 19.999890  MC 


All  Results  Obtained  Using  Limit  Crystal  (No.  5)  (Cont) 


Effect  Of 

Change 

Test  Conditions 

Contribution  of  Oscil- 
lator Circuit  to  Fre- 
quency Deviations  in 
Temperature  Test 

< ±2  PPM 

Changes  of  Tube  Changes 


Tube  No. 

Oscillator  Frequency 
(MC) 

Output  Voltage 

1 (Used  in  preceding  tests) 

19.999890 

11.4 

2 

19.999880 

13.4 

3 

19.999890 

12.2 

4 

19.999890 

12 

5 

19.999890 

11.8 

Effect  of  Crystal  Changes  (Tube  No.  1) 


Crystal  No. 

Crystal 

Frequency  (MC) 

Oscillator 
Frequency  (MC) 

Error 

(PPM) 

Output 

Voltage 

1 

20.000270 

20.000260 

-1 

12.9 

2 

20.000600 

20.000630 

+2 

12.9 

3 

20.000400 

20.000400 

0 

13 

4 

20.000200 

20.000230 

+2 

12.9 

5 

20.000000 

19.999890 

-6 

11.4 

Effect  of  CT  and  Cg  Variations 


Increasing  Cg  by  1 PF  results  in  frequency  change  of  -4  PPM 
Increasing  Cj  by  1 PF  results  in  frequency  change  of  -11  PPM 

Power  Output  Range 
26  to  45  MW 


FREQUENCY  (MC) 


20.000400 


20.000300 
20.000200 
20.000100 
20.000000 
19.999900 
19.999600 
19.999700 
19.999600 
19999500 
19999400 

-55  -35  -15  +5  +25  +45  +65  +85  +105 

Pl072.(44  TEMPERATURE  (DEGREES  CENTIGRADE) 

Figure  9-16.  Crystal  Temperature  Curves,  20-MC  Triode  Pierce  Oscillator 

9-28.  20-MC  Triode  (12AT7)  Isolating  Resistor  Pierce  Oscillator  Evaluation 

Data  (Modified  Approach) 


CRYSTAL  UNITS 
(CR-18A/U) 

PARALLEL  RESONANT 
FREQUENCY (MC) 

T> 

e (ohms) 

(1) 

20.000270 

7 

(2) 

20.000600 

8 

(3) 

20.000400 

7 

(4) 

20.000200 

8 

(5) 

(Unit  (4)  with  12 -ohm 
series  resistor  added) 

20.000000 

20 
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+ 100  voc 


Figure  9-17.  20-MC  Triode  Pierce  Oscillator  (12AT7),  Schematic  Diagram 


Nominal  Vq  = 10.5  VRMS  Nominal  Oscillator  Frequency  = 19.999990  MC 
All  Results  Obtained  Using  Limit  Crystal  (No.  4) 


Effect  Of 

Change 

Test  Conditions 

+ 15%  B+ 
Change  on 
Oscillator 

Frequency 

1 Vo 

<1  PPM 
AV0  = +26% 

Rl  - 23  K,  Ef  = 6.3  V 

-20%  B+ 
Change  on 
Oscillator 

Frequency 

Vo 

-1  PPM 
AVq  = -35% 

RL  = 23  K,  Ef  = 6.3  V 

±10% 

Change  in 
Ef  on 
Oscillator 

Frequency 

V° 

<1  PPM 

AVq  < ±2% 

Rl=  23  K,  Ehh  = 100  V 

±10% 

Change  in 
RLon  1 

Oscillator 

L 

Frequency 

v0 

±1  PPM 

AVq  = ±3% 

Ef  = 6.3  V,  Ehb  = 100  V 

-55°C  to 
+105°C 
Change  in 

tA  on 
Oscillator 

Frequency 

vo 

±26  PPM 

AVq  - ±11% 

Ef  = 6.3  V,  Ebb  = 100  V,  Rl=  23  K 
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Nominal  Vq  = 10. 5 VRMS  Nominal  Oscillator  Frequency  = 19.999990  MC 
All  Results  Obtained  Using  Limit  Crystal  (No.  4)  (Cont) 


Effect  Of 

Change 

Test  Conditions 

Contribution  of  Oscil- 
lator Circuit  to  Fre- 
quency Deviations  in 
Temperature  Test 

±3  PPM 

Effect  of  Tube  Changes 


Tube  No. 

Oscillator  Frequency 
(MC) 

Output  Voltage 

1 (Used  in  preceding  tests) 

19.999990 

10.3 

2 

20.000000 

9 

3 

19.999990 

9.2 

4 

19.999960 

10 

5 

20.000030 

12.8 

6 

19.999960 

10.1 

7 

19.999960 

11.1 

8 

19.999990 

10.3 

Effect  of  Crystal  Changes  (Tube  No.  1) 


Crystal  No. 

Crystal 

Frequency  (MC) 

Oscillator 
Frequency  (MC) 

Error 

(PPM) 

Output 

Voltage 

1 

20.000270 

20.000260 

-1 

12.8 

2 

20.000600 

20.000630 

+2 

12.9 

3 

20.000400 

20.000400 

0 

12.9 

4 

20.000200 

20.000200 

0 

12.8 

5 

20.000000 

19.999990 

-1 

10.2 

Effect  of  Crp  and  Cg  Variations 


Increasing  Cg  by  1 PF  results  in  a frequency  change  of  -4  PPM 
Increasing  CT  by  1 PF  results  in  a frequency  change  of  -11  PPM 

Power  Output  Range 
3.5  to  10  MW 
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FREQUENCY  (MCI 


Figure  9-18.  Crystal  Temperature  Curves,  20-MC  Triode  Pierce  Oscillator 

9-29.  DESIGN  NOTES  FOR  TRIODE  ANTI-RESONANCE  OSCILLATORS, 

1 KC  TO  500  KC 

No  design  work  has  been  carried  out  in  this  frequency  range,  and  the  fol- 
lowing discussion  should  be  regarded  as  a suggestion  of  how  the  design  process 
devised  for  the  0.8  to  20  MC  range  may  be  adapted  to  produce  suitable  designs 
at  these  frequencies. 

The  major  characteristics  of  the  military  type  anti-resonance  crystal 
units  applicable  to  the  16  to  500  KC  range  are  given  in  Table  9-8.  There  are  no 
military  anti-resonance  crystal  units  below  16  KC,  but  crystal  units  having 
characteristics  similar  to  those  presented  in  Table  9-8  for  the  range  from  1 to 
16  KC  are  obtainable. 

Comparison  of  the  characteristics  presented  in  Table  9-8  with  those  pre- 
viously given  for  the  0.8  to  20  MC  range  shows  that  in  the  90  to  500  KC  range 
the  crystal  unit  impedance  levels  are  increased  by  roughly  one  order  of  magni- 
tude and  the  dissipation  rating  reduced  by  a factor  of  5 relative  to  those  in  the 
0.8  to  2 MC  range.  And  below  100  KC  the  relative  impedance  levels  are  in- 
■ creased  by  about  2 orders  of  magnitude  while  the  dissipation  rating  is  comparably 
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TABLE  9-8.  ANTI- RESONANCE  CRYSTAL  UNIT  CHARACTERISTICS 

1 KC  TO  500  KC 


Crystal 

Holder 

Type 

HC-13/U 

HC-21/U 

HC-13/U 

HC-16/U 

HC-6/U 

HC-6/U 

HC-21/U 

HC-13/U 

HC-6/U 

HC-6/U 

Crystal 

Unit 

Type 

CR-38A/U 

CR-15B/U 

CR-37A/U 

CR-43/U 

CR-46A/U 

CR-63A/U 

CR-29A/U 

CR-42A/U 

CR-47A/U 

CR-57/U 

Loading 

Capacitance 

(PF) 

20 

20 

32 

20 

45 

20 

20 

32 

32 

20 

32 

Dissipation 

Rating 

(MW) 

0.01 

0.1 

2 

2 

2 

2 

2 

LO 

03  <N  <M  O 

Equivalent 
Resistance 
(Kilohms ) 

200 

110  to  90 
5 to  6 
5 and  5 . 5 
3 

5.3  to  8.5 
5.3  to  8.5 

5 to  6 
4.  5 and  5 
5.3  to  8.5 
3 

Overall 

Frequency 

Tolerance 

(±%) 

0.015 

0.012 

0.01 

0.02 

0.01 

0.01 

0.015 

,LED  TYPES 

0.002 

0.003 

0.002 

0.001 

Temperature 

Range 

<°C) 

-40  to  +70 
-40  to  +70 
-40  to  +70 
-40  to  +70 
-30  to  +75 
-40  to  +85 
-55  to  +90 

URE  CONTROL 

70  to  80 
70  to  80 
70  to  80 
80  to  90 

*Special  Applications 

Frequency 

Range 

(KC) 

1-16 
16  - 100 
*80  - 200 
90  - 250 
*80  - 860 
*200  - 500 
200  - 500 

TEMPERAT 

*80  - 200 
90  - 250 
200  - 500 
*500 
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decreased.  This  in  general  means  that  the  permissible  tt  network  input  signal 
voltage  is  comparable  to  that  applying  in  the  0.8  to  20  MC  range. 

The  range  of  values  of  the  ratio  Xe/Re  max  is  also  comparable  to  that 
applying  in  the  0.8  to  20  MC  range,  although  somewhat  wider,  ranging  from  40 
to  2,5  in  the  frequency  range  of  1 to  16  KC  (assuming  0^“  20  PF),  4.5  to  0.89 
in  the  16  to  100  KC  range,  and  18  to  1.9  in  the  90  to  500  KC  range. 

Judging  from  scattered  measurements,  the  sensitivity  of  the  anti-reso- 
nance frequency  to  percentage  changes  in  the  loading  capacitance  value  is  de- 
creased by  a factor  of  2,  This,  and  the  wider  crystal  unit  tolerance, should  per- 
mit some  relaxation  of  the  permissible  relative  values  of  C]y|  and  Cg,  all  other 
things  being  equal.  However,  the  relative  value  of  C-^to  Cpg  is  decreased, 
which  will  tend  to  increase  the  effect  of  changes  in  Cj^,  offsetting  these  bene- 
ficial effects.  It  appears  likely,  therefore,  that  the  tt  network  proportional 
values  used  in  the  basic  approach  in  the  0.8  to  20  MC  range  are  probably  suitable 
in  this  range. 

In  certain  frequency  ranges  the  ratio  of  Xe/Re  max  is  less  than  3,  and 
the  feedback  network  input  resistance  then  falls  below  1.33  R,  in  the  worst  case 
approaching  a value  of  R.  When  Xe/Rg  max  is  less  than  3,  the  oscillator  load 
should  therefore  be  calculated  using  this  latter  value. 

The  tt  network  will  also  frequently  be  operating  under  output  phase  angle 
limiting  conditions  rather  than  crystal  unit  loading  conditions,  and  calculations 
of  Rg  based  on  both  Equations  (9-16)  and  (9-18)  should  be  made  and  the  highest 
value  selected. 

Three  partial  design  calculations  are  presented  for  what  appear  to  be  the 
worst  conditions.  These  indicate  that  amplifier  voltage  gains  of  24  to  28  will  be 
necessary  at  these  particular  frequencies.  In  the  two  lower  frequency  examples, 
it  is  also  necessary  to  limit  the  plate  signal  voltage  to  approximately  7 VRMS 
for  a worst-case  design.  It  should  be  practicable  to  achieve  both  the  voltage 
gain  and  required  limiting  by  using,  say,  a 12AT7  tube  at  a DC  plate  voltage  level 
of  perhaps  80  V and  at  a current  level  of  less  than  1 MA. 

The  following  calculations  are  in  similar  form  to  those  presented  for  the 
basic  design  approach.  Values  of  K^,  Rj^and  are  derived  from  the  plots 
of  Figure  9-7. 
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15.99  KC  Partial  Design  Calculation 

Re  max  = 200  K>  PCMAX  = 10  CL  ~ 20  PF 
■ Xe 

Xe  = 500  K,  — = 2.5 

max 


XPo  = 0.2  X_  = 100  K,  Co  = 100  PF,  ^eff  = 2. 
e Re  max 

XLeff  = 400  K,  ka  = 4-3j  V1  = 17‘2>  R = 2-5MEGO, 

RFB  « 2.5  MEGO,  Vomax  =10.7  VRMS,  v'omax  = 7 VRMS, 
Rg  s 600  K,  XQ  = 375  K,  CT  = 27  PF,  Required  Gy  = 24. 
80  KC  Partial  Design  Calculation 


Re  max  = 100  K,  PCMAX  = 0-1  MW,  CL  = 20  PF,  Xg  = 100  K, 


Re  max 


X = 0.2  X = 20  K,  Cs  = 100  PF,  ■ ■ Reff'  = 0.8, 

US  Re  max 

XLeff  = 80  K>  KA  = 4>9»  Av_1  = 19.6,  R = 160  Kj  rfb  ~ 160  K, 

Vomax  = 9'8  VRMS’Vomax  - 7 VRMS>  Rg  s 120  K>  XCT  = 51  K> 
CT  = 39  PF,  Required  Gy  = 28. 

500  KC  Partial  Design  Calculation 


Re  max  " 8-5  K>  PCMAX  “ 2 MW>  CL  " 20  PF>  Xe  “ 16  K> 
xe 

R — — = 1*9. 
ne  max 


XCg  = 0.2  Xe  = 3.2K,^.=  1.5,  X^j, 

Ay  = 17.6,  R - 60  K,  Rpg  « 60  K,  Vomax 

V'omax  « 14  VRMS>  Rg  s 19  K>  XCT  = n*6  K> 
Required  Gy  = 25. 


= 12.8  K,  Ka 

= 23  VRMS, 

CT  = 28  PF, 


4. 
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